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! EPHIN slowly failed
! Certain channels failed from overheating by 2006 
! Became ineffectual by 2013
! Hard failure 2017

! HRC anti-coincidence shields  (added ~2005) 
! The anti-co shield rate could be used a proxy for 

the EPHIN rates (which were a proxy for the real 
rates as determined by ACE)

! “HRC anti-co data are a poor substitute for EPHIN 
data” (O’Dell  2005).

! ACIS rejected events rate
! Added in 2011
! Set to trigger at a threshold below EPHIN
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! HRC anti-coincidence shields  (added ~2005) 
! The anti-co shield rate could be used a proxy for the 

EPHIN rates (which were a proxy for the real rates as 
determined by ACE)

! “HRC anti-co data are a poor substitute for EPHIN 
data” (O’Dell  2005).

! HRC Side A failed in 2020
! HRC Side B failed in 2022
! HRC Side A now runs in a mode that limits shield 

use. 
! ACIS rejected events rate

! Added in 2011
! Set to trigger at a threshold closer to EPHIN in 2022
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Solar protons > 5 MeV typically penetrate 
to geosynchronous orbit (6.6 R!).
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! OO(K1 +L ('+1,(!"-$."$(,-0$>

! 7-,K&$FiQ$,B $'$0#'($,K&$,B $'$PH>0#'($
?)%%),*jE



<)7:3-7;&
Over 24.25 years:
! We have had 96 Shutdowns due 

to the radiation environment 
! 61 Autonomous
! 35 Manual
! 2/3 of these were before 2007.
! 11 Ms of lost Science time.

! About 1/3 of a year out of a 25-
year mission….

FI-CCD CTI is fair and degradation rate is within budget.
Average I-array CTI = 14.7x10-5, increasing at 0.21x10-5/y.

BI-CCD CTI is good and degradation rate is within budget.
Center S-array CTI = 1.7x10-5, increasing at 0.13x10-5/y.
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! _H(K3.&3'
! A`_(+L (,#$1$(Q$*$(;$L+*$(ABBa>
! OO(K1 +L ('+1,(!"-$."$(,-0$>

! 7-,K&$FiQ$,B $'$0#'($,K&$,B $'$PH>0#'($
?)%%),*jE

! Q6*&+*3"U&.5 &-6*&7"+%."3-%:*&0.173*&
10*+&%#&8.#%-.7%#$&6"0&8"+*&
-7"3W%#$&DQ/&+%55%31)-&%#&-6*&)"0-&T&
U*"70L&

FI-CCD CTI is fair and degradation rate is within budget.
Average I-array CTI = 14.7x10-5, increasing at 0.21x10-5/y.

BI-CCD CTI is good and degradation rate is within budget.
Center S-array CTI = 1.7x10-5, increasing at 0.13x10-5/y.
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$,6%;#"/'%2'/.6F
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IT HAS WORKED:
Radiation-degradation management preserves the utility of CCDs.

FI-CCD CTI is fair, and the degradation rate is < 1.5% per year.
Average I-array CTI = 14.7x10-5, increasing at 0.21x10-5/y.

BI-CCD CTI is good, and the degradation rate is < 8% per year.
Center S-array CTI = 1.7x10-5, increasing at 0.13x10-5/y.
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! Identified cause of ACIS CTI anomaly.
! Soft protons scatter off x-ray mirrors into focal plane.
! Protons reaching buried channel cause displacement 

damage.

! Stopped rapid degradation of ACIS front-illuminated CCDs.
! Hide ACIS in NIL position during radiation-belt passes.
! Lowered CCD temperature to –120 °C, reducing FI-CCD 

CTI.
! Implemented strategy to control degradation outside belts.

! Employ autonomous, intervening, and scheduled protection.
! Developed tools to estimate soft-proton flux throughout orbit.

! Radiation-degradation management preserves utility of 
CCDs.

! FI-CCD CTI is fair and degradation rate is within budget.
! Average I-array CTI = 14.7x10-5, increasing at 0.21x10-5/y.

! BI-CCD CTI is good and degradation rate is within budget.
! Center S-array CTI = 1.7x10-5, increasing at 0.13x10-5/y.
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! Identified cause of ACIS CTI anomaly.

! Soft protons scatter off x-ray mirrors into focal plane.
! Protons reaching buried channel cause displacement 

damage.
! Stopped rapid degradation of ACIS front-illuminated 

CCDs.
! Hide ACIS in NIL position during radiation-belt passes.
! Lowered CCD temperature to –120 °C, reducing FI-

CCD CTI.
! Implemented strategy to control degradation outside 

belts.
! Employ autonomous, intervening, and scheduled 

protection.
! Developed tools to estimate soft-proton flux throughout 

orbit.

Radiation-degradation management preserves utility of CCDs.
FI-CCD CTI is fair and degradation rate is within budget.

Average I-array CTI = 14.7x10-5, increasing at 0.21x10-5/y.
BI-CCD CTI is good and degradation rate is within budget.

Center S-array CTI = 1.7x10-5, increasing at 0.13x10-5/y.
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! Chandra radiation-monitor real-time data during DSN contacts

! Nominally 3 1-h DSN contacts/d
! Not sensitive to lower-energy (< 4 MeV) protons

! • NOAA Space Environment Center (SEC) provides real-time data
! Space-environment data Updated at 1- or 5-min intervals
! NOAA’s Geostationary Operational Environmental Satellites

! GOES X-ray, energetic proton & electron detectors; magnetometer
! NASA’s Advanced Composition Explorer (ACE)

! In L1 orbit, 0.01-AU sunward (solar-wind upstream)
! Relevant ACE instruments

! Solar Isotope Spectrometer (SIS) ! hard protons
! Electron, Proton, Alpha Monitor (EPAM) ! suprathermal ions
! Magnetometer & Solar-Wind EPAM ! thermal plasma and field

! MAG-SWEPAM-driven predictor of geomagnetic activity (Kp)
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! NOAA SEC data

! RT soft protons
! RT soft electrons

! Use for Chandra
! Real-time proton environment

! All for solar wind
! Partial for magnetosheath & 

magnetosphere
! Damaging protons

! EPAM-P3 channel 0.14-MeV 
protons

! CXC alert if fluence high
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! Inputs

! ACE EPAM P3 ! solar-wind 0.14-
MeV-p flux

! ACE MAG/SWEPAM ! Kp
! Kp + CRM ! magnetospheric 0.14-

MeV-p flux
! Chandra config.! transmission

! HRC: 0
! HETG-ACIS: 0.2
! LETG-ACIS: 0.5
! Bare ACIS: 1
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! Initial degradation

! !CTI=12x10-5

! 3x1012 0.14-MeV p/(cm2 sr MeV)
! 8 rad-belt passes
! AP-8 environment

! 4x10-17/AP8-fluence
! • Ensuing degradation

! dCTI/dt=0.4x10-5/yr
! 0.09x1012 0.14-MeV p/(cm2 sr MeV)/y (2002)

! Rad-belt protected
! CRM environment

! 5x10-17/CRM-fluence
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! Monitor the estimated soft-proton 

environment in Chandra’s orbit.
! ACE (launched in 1999) is the only spacecraft 

we are aware of that directly monitors the 
relevant protons. 

! Developed model for the entire Chandra soft-
proton environment.

! Use real-time space-environment data to drive 
the model.

! When needed, halt load and command 
ACIS to a safe position.
! Typically wait for DSN contact.
! Since 2011 science loads are halted but 

spacecraft maneuvers continue.
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• Charge transfer inefficiency (CTI) of front-illuminated (FI) CCDs

Rapid increase in CTI (4x10-5/orbit @ -100 °C) after first light
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• Charge transfer inefficiency (CTI) of front-illuminated (FI) CCDs

Rapid increase in CTI (4x10-5/orbit @ -100 °C) after first light
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• Charge transfer inefficiency (CTI) of front-illuminated (FI) CCDs

Rapid increase in CTI (4x10-5/orbit @ -100 °C) after first light










