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Goals	  
•  All	  sensor	  effects	  are	  implemented	  at	  the	  device	  physics	  level	  
(like	  driA/diffusion	  in	  E	  fields)	  –	  quite	  complex,	  needs	  
verificaJon	  

	  
•  ValidaJon:	  sanity	  checks	  &	  comparison	  to	  data	  
–  Tree	  rings,	  edge	  effects	  (Nomerotski,	  Beamer	  et	  al)	  
–  Brighter-‐FaRer	  effect	  (Walter,	  Rasmussen	  et	  al)	  
–  Long	  list	  of	  other	  sensor	  effects:	  fringes,	  brick-‐wall	  paRern,	  
midline,	  blooming,	  diffusion	  etc	  

•  Want	  to	  do	  the	  first	  pass,	  agree	  on	  defaults,	  hand	  to	  the	  
project	  for	  MC	  producJon	  

•  Discussed	  in	  Phosim	  bi-‐weekly	  meeJngs	  (Peterson	  et	  al)	  
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Tree	  Rings	  in	  DES	  
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⇡ 250µm), n-type (p-channel) CCDs, built by DALSA4 and Lawrence Berkley National Laboratory

(Holland et al. (2003)). The pixel size of the devices is 15 µm, with a plate scale of about 00027,

generating a field of view of 3 deg2.

Detailed descriptions of DES, DECam, and the testing and characterization process of the

CCDs can be found in refs. Abbot et al. (2005), Honscheid et al. (2005), and Estrada et al.

(2006), respectively.

2.1. Structures in flat-field images: “tree rings” (impurity gradients), edge

distortions, and “tape bumps” (lattice stresses)

Fig. 1.— Master dome flat images from two of the DECam CCDs in the g band. Each image is

normalized to 1, and the gray scale represents deviations of approximately ±1% from this value.

Lighter shades represent enhanced brightness (the black strip surrounding the CCD is a 15 pixels-

wide area, masked during the making of the master flats). The circular structures known as “tree

rings” can be seen in the first two images. The contrast di↵erence between the left and right sides

is due to gain di↵erences in the two readout amplifiers of the detector. The last image shows the

e↵ect of the distorted electric field at the edge (bright stripes) and that of the lattice stresses due

to double-sided tape (upper right corner).

Dome flats are taken daily as part of standard DES operations for the usual data reduction

and calibration process. The DES Data Management (Mohr et al. (2008)) pipelines then create
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http://www.teledynedalsa.com/corp/
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ABSTRACT

Spurious electric fields transverse to the surface of thick, fully-depleted, high-

resistivity CCDs displace the photo-generated charges in the bulk of the detector, ef-

fectively modifying the pixel area and producing noticeable signals in astrometric and

photometric measurements. We use data from the science verification period of the

Dark Energy Survey (DES) to characterize these e↵ects in the Dark Energy Camera

(DECam) CCDs. The transverse fields mainly manifest as concentric rings (tree rings)

and bright stripes near the boundaries of the detectors (edge distortions) with relative

amplitudes of about 1% and 10% in the flat-field images, respectively. Their nature

as pixel size variations is confirmed by comparing their photometric and astrometric

signatures.

Using flat-field images from DECam, we derive templates in the five DES photo-

metric bands (grizY ) for the tree rings and the edge distortions as a function of their

position in each DECam detector. The templates are directly incorporated into the

derivation of photometric and astrometric solutions, helping to meet the DES photo-

metric and astrometric requirements.

1. Introduction

In the past decade, the development of thick, high-resistivity CCDs with high quantum e�-

ciency at long wavelengths (near infrared) has been encouraged by increasing scientific interest in

this part of the electromagnetic spectrum. This type of CCDs also o↵er other advantages over more

conventional and thin CCDs by reducing fringing at long wavelengths. Thus, thick, fully-depleted

CCDs have been chosen by several current and future astronomical surveys (e.g., the Dark Energy

Survey, DES1 and the Large Synoptic Survey Telescope, LSST2).

1

www.darkenergysurvey.org

2

www.lsst.org
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Fig. 5.— Tree-ring (upper panel) and edge-distortion (bottom panel) astrometric profiles as a

function of distance from the center of the rings and the left edge, respectively, for a particular

DECam device, and for each of the five DES photometric bands. The tree-ring and edge-distortion

signals were averaged in bins of 16 and 4 pixels, respectively. The average scaling factors (with

respect to the g band) for the tree-ring profiles of all DEcam CCDs are shown in the appendix

(Figure 8). The input images for the astrometric solution were divided by the dome-flat images.

The imprint on the residuals at the edge are partially hidden by the masking of 30 pixels at the

edges when calculating the astrometric solution.

– 12 –

Fig. 6.— Profiles of the tree rings and the left edge at di↵erent bands from dome flats for one of

the DECam detectors. A region of 15 pixels within the edge is masked in the dome-flat images.

The tree-ring profiles (upper panel) di↵er from each other by scaling factors (g > r > i > z > Y )

at all distances from the center of the rings, whereas the profiles from the edge distortions (lower

panel) exhibit a more complex wavelength dependence. The average scaling factors (with respect

to the g band) for the tree-ring profiles of all DEcam CCDs are shown in the appendix (Figure 8).

Flats	  

Astrometric	  bias	  
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Astrometric*Shi[*
•  Astrometric*Shi[*is*

proporNonal*to*the*local*
lateral*field*strength,*so*
relaNvely*simple*(w/*our*
current*approximaNons)*

•  Amplitude*of*the**
astrometric*shi[*
variaNons*is*found*by*
fiZng*a*sine*wave*which*
is*symmetric*about*the*
origin*of*the*TR.*

Tree	  Rings	  in	  Phosim	  
•  Used	  grid	  of	  stars	  	  
•  Ideal	  opJcs	  
•  Sextractor/DMstack	  for	  centroiding	  &	  shape	  analysis	  

Overlaid	  tree	  rings	  and	  stars	  
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Astrometric	  shiAs	  

Beamer	  



Astrometric	  shiAs	  vs	  tree	  ring	  
amplitude	  and	  color	  

•  DES	  data	  corresponds	  to	  a	  few	  %	  doping	  variaJon	  (Phosim	  
default	  is	  1%)	  

•  Latest	  LSST	  prototypes	  “do	  not	  have”	  TRs	  but	  absence	  in	  final	  
sensors	  is	  not	  guaranteed	  

420	  nm	  
600	  nm	  
700	  nm	  
800	  nm	  
950	  nm	  
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Beamer	  

DES	  	  

IR	  is	  shiAed	  less	  as	  expected	  



PSF	  and	  Tree	  rings	  
•  Focussing	  /defocussing	  

effects	  of	  lateral	  fields	  
lead	  to	  PSF	  oscillaJons	  
–  PSF	  	  orientaJon	  flips	  
back	  and	  forth	  

–  PSF	  size	  oscillates	  

6	  

Arrows	  show	  lateral	  E	  



PSF	  size	  oscillaJons	  in	  Phosim	  (and	  DES)	  

DES	  data,	  B.Armstrong	  

Ellipse	  area,	  pix2	  

Phosim	  



Remaining	  issues	  for	  Tree	  Rings	  
•  Tree	  Ring	  Period	  Dependence	  
– Required	  modificaJon	  of	  field	  modeling	  

•  Too	  uniform	  and	  periodic	  now	  compared	  to	  DES	  
•  Tree	  ring	  origin,	  next	  slide	  Astrometric*Shi[*vs.*Tree*Ring*

Amplitude*



Tree	  ring	  origin	  
•  Tree	  ring	  geometry	  is	  fixed,	  what’s	  random	  

is	  orientaJon	  of	  tree	  rings	  in	  the	  raA	  since	  
sensors	  come	  from	  different	  locaJon	  on	  
the	  wafer	  

•  SimulaJng	  this	  with	  Phosim	  –	  in	  progress	  
–  UnJl	  recently	  TR	  origin	  was	  randomized	  
–  Now	  can	  control	  it	  for	  each	  sensor	  



P.O’Connor	  

ValidaJon	  of	  Edge	  Roll-‐off	  

•  On	  the	  egde:	  	  
–  PosiJon	  shiAs	  up	  to	  50%	  
–  EllipJcity	  up	  to	  20%	  	  



Edge	  Effect	  in	  Phosim	  
•  Controlled	  by	  surface	  charge	  on	  the	  sensor	  edge	  
•  Study	  using	  star	  grids	  as	  for	  TRs	  
•  Same	  analysis	  chain	  as	  for	  lab	  data	  
•  Tuned	  amplitude	  but	  see	  different	  roll-‐off:	  we	  are	  

invesJgaJng	  this	  
–  Should	  compare	  same	  size	  spots	  
–  May	  need	  to	  tune	  the	  surface	  charge	  configuraJon	  	  
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catalogue through Phosim, but changing 
the guardrail charge to -0e9, resulting in 
a nonexistent guardrail. The charge can 
be changed through the “silicon.txt” file 
under 
/madunca/phosim/instruments/default
_lsst/. The value to change is the first, 
entitled “edgeSurfaceCharge”. Once all 
of the files for both a charge of -5e9 and 
-0e9 were created, they were put into 
Benjamin Beamer’s python code, 
“deviations”. Although his code can 
accomplish many tasks, in this case, it 
was simply used to find the maximum 
shift any of the stars experienced, as well 
as to create the deviations file, which will 
be used later in order to analyze how the 
area is affected by the guardrail. Each 
file from “2000” to “1900” was run 
through deviations, and the maximum 
shift data was compiled into the python 
code, “Edge_Graph”. The process was 
repeated for charges of -2.5e9 and -10e9, 
which were also compiled in 
“Edge_Graph”. The data was then 
graphed, shown in Figure 2. The graph 
can also be found as 
“Edge_effect_comparison.png” under 
/madunca/.  

Lab Comparison 
The results were then compared 

with the lab data, compiled by Paul 
O’Connor, and analyzed by myself, in 
an effort to obtain a preliminary 
comparison of graph shapes (Figure 3). It 
can also be found as 
“Lab_Comp_Final2.png” under 
/madunca/, created with the python 
code, “LabData”. The relatively narrow 
shape of the lab data is most likely 
because of an inaccuracy in Phosim’s 
simulation of the geometry of the 
guardrail. In Phosim, it is simulated as a 
uniform charge along the length of the 
100nm silicon, whereas in reality, the 
charge is unsymmetrically piled closer to 
the pixels than to the face of the silicon. 
In addition, the charge density of the 
guardrail may be different in the real 
CCD than in Phosim, but this must be 
studied more in-depth.  To be sure that 
the discrepancies between the lab data 
and the Phosim data were due to how 
Phosim simulates the guardrail, and not 
differences in analyzing the fits files, the 
raw lab data was analyzed through 
SExtractor. This was done in the exact 
same manor with which it was done for 

Figure 3: The lab data is both narrower and steeper. The two graphs were normalized about the x-position of 
their maxima.  

Lab Phosim (-5e9) 

! Duncan 
!
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0 using the naming convention, 
“edge_<horizontal distance from center 
of chip in pixels>_<wavelength>”. It 
should be noted that the right edge 
(where I tested) is 2000 pixels from the 
center, so a file named, 
“edge_2000_700” will create a column 
of 20 stars of monochromatic wave-
length, 700nm that land directly on the 
edge such that half of the star is on the 
CCD, and half is off. Note that if a 
wavelength is not listed in the name of 
the file, its wavelength is 420nm (as a 
default). These files were all run 
individually through Phosim in the 
command line. The physics command 
used was entitled, “rings”, under 
/madunca/phosim/param_files/. The 
instrumentSiteDirectory used was 
“default_lsst”, under 
/madunca/phosim/instruments. An 

example for the command used to run 
the simulation might be, “wq sub -c 
"phosim objects_420/edge_1990column 
-c param_files/rings -i 
madunca/phosim/instruments/default_l
sst””. The resulting fits file was then run 
through SExtractor. The resulting cat 
file was then dumped into the eclipse 
workspace, using the naming 
convention, “edge_<distance from 
center>_<charge>”. The default charge 
(measured in number of electrons) is -
5e9. Note, the value is negative because 
the guardrail must be positive, but the 
fundamental charge of an electron is 
negative. In order to know how far the 
image has shifted, it must first be 
determined where the object should 
have landed. This was determined by 
running the exact same instance 

 

Figure 2: Astrometric shift versus distance away from center of chip. Both axes are measured in pixels 
(.01mm). It can be seen that although the charge is increased by factors of two, the peaks are larger than 
factors of two apart. This is because the charge induces an orthogonal acceleration to the velocity of the 
electron in the silicon. A linearly increasing acceleration will result in an exponentially increasing distance, 
as shown in the graph. The graphs radically slope downward at the end because the star image is being 
physically cut off by the edge of the CCD, causing the centroid of the star to be inaccurately calculated in 
SExtractor farther away from the edge than it truly is. 
 

10e9 5e9    2.5e9 

Duncan	  

Max Duncan 
Analyzing Edge Effect Perturbations on LSST CCD 

Using Phosim. With Lab Discrepancies
Abstract 
 Phosim (photon simulator) was used in order to analyze how the edge effect 
distorts the image of star objects on the LSST CCD. Star image parameters included 
astrometric shift, stretching of the semi-major axis, increase in the area, change of theta 
and ellipticity, and decrease in flux. In addition, different monochromatic wavelengths for 
the image were used to correlate average penetration depth of silicon with astrometric 
shift. In order to apply these results to the real-world instrument, the lab data was 
compared with the Phosim data. This implied that the edge effect-inducing guardrail is 
modeled differently in Phosim than how it appears in the lab, causing the image to be 
distorted differently. In order to verify accuracy, the two methods of using SExtractor 
(Source Extractor) between the methods of the lab and myself were analyzed. They 
proved to be nearly exactly equal, implying that the discrepancies between Phosim and 
the lab occur in the production of the data, not in the analysis. 
 
Introduction 
 The edge effect is induced by a 
positively charged guardrail that 
surrounds the diameter of the edge of 
the CCD chip. As the photons hit the 
silicon, the photoelectric effect causes a 
free electron to drift through the 100-
micron-thick silicon to hit the pixels at 
the base. The electron drift is induced by 
an electric field; however, this field is 
distorted by the positively charged 
guardrail, causing the electrons to drift 
toward the edge as they propagate 
through the silicon. This result is 
displayed in Figure 1. Note, Figure 1 is 
simply a rough portrayal of the 
interaction with an exaggerated effect for 
clarity. Measurements are not exact. 
 

 
Figure 1: The photons hit the top of the 
CCD, inducing electrons to flow through the 
silicon. Their path is warped by the electric field 
from the edge.  

Phosim was an essential tool of this 
process. Although numerous effects of 
the LSST telescope can be simulated, 
only the edge effect was turned on when 
these simulations were run in an effort to 
isolate the effect to be sure any 
observation was a result of the edge 
effect, not an extraneous one. In 
addition, the background noise of 
Phosim was turned off. 
 
Astrometric Shift 
 Astrometric shift describes the 
distance along the face of the CCD 
between where the object should appear 
and where it actually appears. In order 
to create a graph of shift versus distance 
from the edge, columns of 20 stars were 
plotted at varying distances from the 
edge. Note, a visual depiction of this can 
be found at 
/madunca/work/edge_1970_0. The 
instance catalogues for these columns of 
20 stars were created using the python 
code, “StarGridCreator.py”. This can be 
found in the work area of eclipse, 
/gpfs01/astro/workarea/madunca. The 
resulting catalogues created by this code 
can be found in 
/astro/u/madunca/phosim/objects_42

Astrometric	  shiA	  [pix]	  vs	  distance	  to	  edge	  [pix]	  



Color	  Dependence	  
•  NoJceable	  effect	  for	  IR	  
•  There	  are	  no	  lab	  measurements	  for	  different	  wavelengths	  –	  in	  progress	  

! Duncan 
!
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Area Perturbations 
 Due to the guardrail-induced 
electric field, the star image is stretched 
in the direction orthogonal to the edge, 
making a perfect circle more elliptical. 
However, since the guardrail’s electric 
field extends perfectly perpendicularly 
from the edge, only the axis parallel to 
these electric field lines are affected.  

This axis is referenced as the 
Semimajor axis, marked as “A” in 
SExtractor. Meanwhile, the axis parallel 
to the face of the edge is referenced as 
the Semiminor axis, and “B”. The 
derivation of these axes was trivial with 
the use of SExtractor. Consequently, the 
computation of object area was equally 
simple since area can be calculated as 
A*B*π. In addition, no new Phosim 
simulations were necessary since the 
previous cat files contained the desired 
information.  

The simulations with a 
wavelength of 420nm and guardrail 

charge of -10e9 were used. This charge 
was used – as opposed to -5e9 – in order 
to magnify the effect, creating more 
dramatic data. Thus, the code contained 
in “StarArea” was used to extract the 
axis information from the cat files, where 
it was compiled and graphed in 
“EllipGraph” (Figure 7a, 7b).  

The star area was initially also 
found in this code by simply multiplying 
A, B, and π. However, for an 
undiagnosed reason, the code produced 
a static area as distance to the edge 
decreased, even though A increased 
while B stayed relatively constant. Thus, 
Benjamin Beamer’s code, “deviations” 
was used. The code creates a new cat file 
with 12 parameters for each object, 
including area. I simply extracted the 
area information in these ‘deviations’ 
files using the code, “AreaCode”, and 
compiled the information and produced 
the graph of Figure 7c with the code, 
“AreaGraph”.  

Figure 6: a) Average penetration depth against wavelength of monochromatic light. Note: the 
penetration depth scale is logarithmic. b) The first three wavelengths correlate quite closely, while the 
950nm wavelength experiences a more drastic decrease in astrometric shift in contrast to the others. 
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Remaining	  Issues	  for	  Edge	  Effect	  
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Lab	  data;	  O’Connor	  

Spots	  and	  flat	  field	  behave	  differently	  in	  data,	  need	  
to	  compare	  in	  simulaJons	  	  
–  due	  to	  space	  charge	  effects?	  –	  similar	  to	  BF	  effect	  

! 9!

spike seen at about 5 pixels away from 
the edge is not a significant result, and is 
simply an artifact of SExtractor 
attempting to assign values to a 
semicircle. 

Meanwhile, the ellipticity data of 
Figure 8b make perfect sense. The value 
exponentially rises from zero to about 
0.1 before the edge cuts off the image. 
Once more, only the data before the 
dramatic dip 5 pixels from the edge is of 
interest. 

The data for ellipticity and theta 
respond as expected, revealing few 
peculiarities in the guardrail’s interaction 
with the images. 
 
Flux and Flat-fields 
 Finally, the overall brightness of 
the objects was studied through the 
analysis of flux data given by SExtractor 
as well as the creation of flat-field 
images. Flux simply describes how many 
electrons hit the pixels that make up the 
object’s image. This data was compiled 
in the same method as the axes in the 
code “FluxData”, but compiled and 
graphed in “FluxGraph”. 

Monochromatic light of 420nm 
wavelength with a guardrail charge of -
10e9 was used. However, the flat-field of 
Figure 9b is simply the ds9 image of a 
flat-field of 15 dome intensity created 
with Phosim. The file used to run the 
flat-field is called ‘Flatfield’, in the 
‘objects_420’ folder of the ‘phosim’ 
folder. 
 The guardrail causes the 
brightness to decrease close to the edge 
simply because it pulls the electrons off 
of the CCD entirely.  This is why the 
green line of Figure 9a simply looks like 
the blue line, but shifted two pixels to the 
right. If Figure 2 is referenced, it is easy 
to make the connection that since the 
astrometric shift is about 2 pixels, for the 
same reason, the blue line begins 
decreases about 2 pixels earlier than the 
green line. The edge effect simply pulls 
the entire image closer to the edge 
exactly as it does for the astrometric 
shift. Thus, many of the electrons are 
irrecoverably pulled from the image and 
lost off of the CCD. 
 
 

Figure 9: a) The average flux of stars plotted at various distances from the edge clearly show how the edge effect 
significantly reduces the brightness of objects within about 6 pixels from the edge. Note: data was only taken within 
15 pixels from the edge. This was because the flux stayed constant between 50 and about 6 pixels from the edge, 
and proved uninteresting past about 15 pixels. b) The 200x200pixel, top-right corner, flat-field ds9 image visually 
depicts how brightness decreases as distance from the edge decreases. Note: the brightness scale is linear. The ‘dark’ 
edges still count about 950 electrons per pixel, while the brighter central region counts about 1050 electrons per 
pixel. The minimum electron count is about 750, found in the corner. 

a)            Flux b)    Flat-field 

Edge Effect:  On  Off 

Phosim	  flat;	  Beamer	  



Summary	  
ValidaJon:	  
– So	  far	  :	  tree	  rings	  and	  edge	  effect	  are	  mostly	  ok	  but	  
need	  to	  be	  tuned	  

– Brighter-‐faRer	  effect	  requires	  more	  work	  
– Other	  effects	  are	  waiJng	  
	  

•  Should	  be	  able	  to	  finish	  the	  first	  pass	  by	  Jan	  2015	  
– How	  do	  we	  converge?	  Requirements?	  Timeline?	  


