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Bijan Nemati - Trapping in EMCCD - Science-Engineering Interface Meeting

interstitial

dopant or impurity

vacancy

Conduction band

Band gap

trapping

Valence band

Lattice ions impacted by incoming particles leave behind 
vacancies or ions in interstitial positions (Frenkel pairs).
• Low energy particles    point defects
• High energy particles   cluster defects

Impurity state

Fermi level

Terminology:
PKA: primary knock-on atom
Frenkel pair: interstitial + vacancy
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J. R. Srour et al. , IEEE Trans. Nuc. Sci, Vol 50, No. 3, 2003
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• In general the planet is only viewable about 1/3 of the time. At the 
same time, the typical RV candidate will have an 8 year orbital 
period. 

• One consequence is that planet observations will necessarily be 
interspersed throughout the mission lifetime. 

– Some will see a new detector
– Some will see a detector with traps 

• In a CCD, where the parallel clocking process transfers the charge 
from one row to the next all the way to the readout (“serial”) 
register, the effect of traps is exacerbated since each trap influences 
signal from upstream pixels in the same column.

• In direct imaging, where we are dealing with objects as dim as 30+ 
mag, things get even more challenging:

– Photo-electron rates are at the milli-electrons per second level, so need 
to integrate a long time to get a signal at all

– On the other hand, cosmic rays limit exposure times to order 1000 s

Bijan Nemati - Trapping in EMCCD - Science-Engineering Interface Meeting

HST RVS WFC  

RV planets

the planet will be observable
only ~ 1/3 of the time 
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Bijan Nemati - Trapping in EMCCD - Science-Engineering Interface Meeting

2.4 m Telescope

WFRIST Coronagraph
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• The strong renewal property and the memoryless property lead 
to Poisson statistics, with a probability density function given by:

𝑓𝑓 𝑡𝑡 =
1
𝜏𝜏𝑟𝑟

𝑒𝑒−𝑡𝑡/𝜏𝜏𝑟𝑟

• Correspondingly, for such a process,
the cumulative distribution function is given by:

𝑃𝑃 𝑡𝑡 = �
0

𝑡𝑡 1
𝜏𝜏𝑟𝑟

𝑒𝑒𝑡𝑡′/𝜏𝜏𝑟𝑟 𝑑𝑑𝑡𝑡′ = 1 − 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑟𝑟
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𝑓𝑓(𝑡𝑡)
𝑃𝑃(𝑡𝑡)

this is the probability per unit 
time that a trap release occurs
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• Capture, like release, is governed by the  exponential 
distribution, for which the probability density function 
(PDF) is given by:

• Integrating this leads to the probability that after some 
passage of time, the capture has occurred, which is 
cumulative distribution function (CDF):

• The capture time depends on the electron density near 
the trap 𝑛𝑛𝑒𝑒, the trap capture cross-section 𝜎𝜎, and the 
electron thermal velocity 𝑣𝑣𝑡𝑡𝑡:

3/7/2016 7

𝑑𝑑𝑃𝑃𝑐𝑐
𝑑𝑑𝑡𝑡

= 𝜏𝜏𝑐𝑐 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑐𝑐

𝑃𝑃𝑐𝑐 𝑡𝑡 = �
0

𝑡𝑡
𝜏𝜏𝑐𝑐 𝑒𝑒

−𝑡𝑡
′

𝜏𝜏𝑐𝑐 𝑑𝑑𝑡𝑡′

= 1 − exp(−𝑡𝑡/𝜏𝜏𝑐𝑐)

PDF

CDF

𝜏𝜏𝑐𝑐 =
1

𝜎𝜎 𝑣𝑣𝑡𝑡𝑡 𝑛𝑛𝑒𝑒

Motivation:  Consider a volume V around a trap. 
Relative to each electron, in time t, the trap subtends a 
volume. On average, when the entire volume has been 
sampled once, we expect a single hit. 𝜎𝜎

𝑣𝑣𝑡𝑡𝑡
electron

trap

𝑑𝑑𝑑𝑑 = 𝜎𝜎 𝑣𝑣𝑡𝑡𝑡 𝑑𝑑𝑡𝑡𝑛𝑛𝑒𝑒𝑑𝑑 𝜎𝜎 𝑣𝑣𝑡𝑡𝑡 𝜏𝜏𝑐𝑐 = 𝑑𝑑

𝑑𝑑

𝜏𝜏𝑐𝑐 =
1

𝜎𝜎 𝑣𝑣𝑡𝑡𝑡 𝑛𝑛𝑒𝑒

If 𝜏𝜏𝑐𝑐 is the time required for 
the local e- population to 
sample the entire volume V:
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• If we assume that the electron density is given by the 
charge packet population 𝑁𝑁𝑒𝑒 divided by the 
confinement volume 𝑑𝑑𝑐𝑐, then:

• We can parameterize the growth of 𝑑𝑑𝑐𝑐 with 𝑁𝑁𝑒𝑒 given 
full well capacity 𝑁𝑁𝑓𝑓𝑓𝑓 , per Alex Short et al., as:

– 𝑑𝑑𝑔𝑔 is the available volume of the pixel, the max 𝑑𝑑𝑐𝑐 can be.
– 𝛽𝛽 = 1 for constant density situation; 𝛽𝛽 = 0 for constant volume 

• The thermal velocity of the electron is given by:

• Putting it all together:

3/7/2016 8

1
2𝑚𝑚𝑒𝑒

∗𝑣𝑣𝑡𝑡2 =
3
2𝑘𝑘𝑘𝑘 → 𝑣𝑣𝑡𝑡=

3𝑘𝑘𝑘𝑘
𝑚𝑚𝑒𝑒
∗

𝑑𝑑𝑐𝑐
𝑑𝑑𝑔𝑔

=
𝑁𝑁𝑒𝑒
𝑁𝑁𝑓𝑓𝑓𝑓

𝛽𝛽

𝑃𝑃𝑐𝑐 𝑡𝑡 = 1 − 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑐𝑐 𝜏𝜏𝑐𝑐= 𝛾𝛾 𝑁𝑁𝑒𝑒
𝛽𝛽−1 𝛾𝛾 = 𝑉𝑉𝑔𝑔

𝜎𝜎 3𝑘𝑘𝑘𝑘
𝑚𝑚𝑒𝑒∗

𝑁𝑁𝑓𝑓𝑓𝑓
𝛽𝛽

𝑛𝑛𝑒𝑒 =
𝑁𝑁𝑒𝑒
𝑑𝑑𝑐𝑐

−𝑑𝑑𝑐𝑐
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• Break down image region into quadrants
• There are 2 charge packets per pixel – these 

determine where the electrons get released 
and hang around to get recaptured

Bijan Nemati - Trapping in EMCCD - Science-Engineering Interface Meeting

pixel

Q1
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Q4

I1

I2

I3

I4

I1

I2
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I4

I1

I2

I3

I4

row
of
pixels

I1 I2 I3 I4 I1

V
𝑈𝑈𝑒𝑒−

Q1 Q2 Q3 Q4

Φ1 Φ2
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CCD201  is a pseudo 2-phase clocking CCD
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3/7/2016 10

Diagram based on original from Alice Reinheimer, e2v

Two-phase image pixel charge transfer showing potential under gates.  I1 and I2 clocked together.  
I3 and I4 clocked together.  Barrier phases I1 and I3 prevent charge from transferring backwards.
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Trap Model: Release – Sweep – Capture 

11

T

Q1 Q2 Q3 Q4

Release

Sweep

Capture
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Compute capture time constant:  
Random instance of capture time:  

Available dwell time:  

𝑃𝑃𝑃𝑃𝑃𝑃 𝑡𝑡 =
1
𝜏𝜏𝑐𝑐

𝑒𝑒−𝑡𝑡/𝜏𝜏𝑐𝑐

12

release time

total time in this step (“max time”) 

available time for capture
release occurs
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• What happens to a released electron, depending on where the 
trap is located, and which phase of CCD we are in:

3/7/2016 13

Trap under: Q1 + Q2 Q3 + Q4

Integrate
O(1000 s)

Sweep to
Packet 1

Sweep to
Packet 2

Combine
(500 ns)

To Packet 2 
immediately

Sweep to
Packet 2

Transition
(250 ns)

Sweep to
Packet 1

Sweep to
Packet 2

Transfer
(500 ns)

Sweep to
Packet 1

To Next Packet 1 
immediately

Q1 Q2 Q3 Q4
I1 I2 I3 I4 I1

V
𝑈𝑈𝑒𝑒−

Q1 Q2 Q3 Q4

Φ1 Φ2
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A B C A

T

pixcellent.com

General Paradigm for Serial Register Model
• Shift in one row of pixels from the frame:

– six clock steps per transfer of one pixel
– each clock step is broken down to three main 

parts: Release, Sweep, Capture

• To capture, the trap must:
– be empty
– be near a charge packet with 𝑛𝑛𝑒𝑒− > 0
– the location of the charge packet, relative to 

the location of the trap must satisfy the 
conditions in the table below

– The trap capture time must be short enough

3/7/2016 14

n

m

A BA B C C A BA B C C A BA B C C A BA B
TT TT

m is the SR pixel index

n 
is 

th
e 

pi
xe

l s
te

p 
 in

de
x

1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

pixel 
step

gate 
step

sub 
step A 1 A 2 B 3 B 4 C 5 C 6

n

1 Com BC x x m-n+1 m-n+1 m-n+1 m-n+1

2 Isolate C x x x x m-n+1 m-n+1

3 Com CA m-n m-n x x m-n+1 m-n+1

4 Isolate A m-n m-n x x x x

5 Com AB m-n m-n m-n m-n x x

6 Isolate B x x m-n m-n x x

Capture Rules
Table of charge packet assignments to trap locations at a given
readout step n
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• Full frame science-grade CCD201 image.
– Temp = -85 °C (188 K)
– Gain = 500
– Exposure = 500s
– Read Noise = 90e-

• Observed tails extend hundreds of pixels, 
disappearing into the large read noise

– Tails will be worse at 165K
– Tails will be worse at higher gain
– Tails will consume multiple rows
– There will be many more in space

2/29/2016 15

Image courtesy L. Harding

100e-

1,000e-

10,000e-

100,000e- (200e- equiv)

HST

Exposure: 20s
170 CRs (~4% pixels)

Exposure: 2000s
17000 CRs (100% affected)

Assumes a CR flux of 5 cm-2-s-1 and 250 pixels of CTE smear 
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Fractional RMS Error vs. Trap Release Time 
(with 1% Frame and Serial Traps)

Feb. 2-3, 
2016 Bijan Nemati - Trapping in EMCCD - WFRIST FSWG Meeting 16

100 ns 250 ns 1 us

10 us 50 us 20 ms

3 sec 100 sec

500 ns

100 us
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Feb. 2-3, 
2016 Bijan Nemati - Trapping in EMCCD - WFRIST FSWG Meeting 17

Fractional RMS Error vs. Trap Capture Time
(with 1% Frame and Serial Traps)

• Fast trap capture times cause the most image 
degradation

Tau_capture = 10 ns Tau_capture = 60 ns Tau_capture = 0.3  us Tau_capture = 2 us

10 ns60 ns0.3 us2 us
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• To mitigate the effects of traps some steps can be taken:
• Detector can be kept warm while not in use

– Approximately 80% of the time, WFIRST will be doing dark energy 
observations with the wide angle instrument: coronagraph not used

– Beam test results indicate that cosmic ray induced traps are much less 
likely to occur when the detector is warm

• Observations can be front-loaded
– Observing early in the mission can help

• Shielding will be maximized
– Shielding does help, though there is a limit to how effective it can be
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BACKUP
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• Direct imaging of the exo-system will involve placing the dark 
hole (in 2 polarizations) on the CCD

• The IFS will take up the entire CCD – same number of photons 
spread over far more pixels!  

3/7/2016 20

IWA
~ 3 λ/D

OWA

Dark Hole 
with Speckle(u,v)

(0,0) 

~ 60 - 100 pixels 

𝐶𝐶𝐶𝐶𝐶𝐶(𝑢𝑢,𝑣𝑣) ≡
𝐼𝐼𝑠𝑠𝑡𝑡𝑠𝑠𝑟𝑟(𝑢𝑢,𝑣𝑣; 0, 0)
𝐼𝐼𝑠𝑠𝑡𝑡𝑠𝑠𝑟𝑟(𝑢𝑢,𝑣𝑣;𝑢𝑢,𝑣𝑣)

sourceevaluate
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