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Errata to Second Printing1 of The 
Handbook of Astronomical Image 
Processing

1. Page 276: the term in the numerator of Equation 10.7 should be 
changed from (Caperture/nannulas) to (Cannulus/nannulus) and should read as fol-
lows:

2. Page 277: the term in the numerator of Equation 10.8 should be 
changed from (Caperture/nannulas) to (Cannulus/nannulas) and should read as fol-
lows:

3. Page 635: At the beginning of last line on the page, delete extra "f" in 
“ffrom.” Text should read as follows:

4. Pages 229-234: Based upon reader comments, we have decided to 
rewrite these pages which deal with basic CCD testing. The revised text 
follows on the next page. Revised text is as follows:

1.The printing of the book can be determined by looking at the book’s copyright page.

(Equ. 10.7)m 2.5–
Caperture naperture Cannulus nannulus⁄( )–

t
-------------------------------------------------------------------------------⎝ ⎠

⎛ ⎞log Z+=

, (Equ. 10.8)Sstar g= Caperture naperture Cannulus nannulus⁄( )–( )

• Multiple-Image Photometry is an automated tool that measures
either raw instrumental magnitudes or differential magnitudes
from a series of images.
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called the gain—expresses the relationship between photoelectrons and pixel-val-
ue units. To use the Poisson-noise relationship, you need to multiply the signal in
ADUs and the noise in ADUs by the factor  to convert them to electron units:

, and

.

The Poisson relationship can therefore be expressed as:

.

Solving this equation for  yeilds the conversion factor:

 [electrons/ADU]. (Equ. 8.1)

Although this relationship is adequate as a rough measure of the conversion
factor, it makes two assumptions:

1. the flat-field illumination is perfectly uniform, and
2. the bias is small compared to the flat-field exposure.

Variations in the “flatness” of the flat-field frame are a special problem be-
cause they increase the standard deviation of the flat field even though they are not
noise. To get around this, we employ a clever trick by making two flat frames and
subtracting one from the other. Thus variations in the signal level cancel, but be-
cause noise is always additive, the difference frame has twice the variance due to
noise we would expect in a single frame. We use the same trick to measure the
noise in a pair of bias frames. Since the mean values of the flat-field and bias sum
frames are twice those of single frames, the factors of two cancel.

To compute the gain (conversion factor), , evaluate:

  [electrons/ADU]. (Equ. 8.2)

Because this equation is free of the assumptions implicit in Equation 8.1, it
yields a significantly more robust result for a small increase in effort.

8.2.2.5 Step 5: Compute the Readout Noise

The only source of noise in a bias frame should be readout noise. You have mea-
sured the sum of readout noise in two bias frames. 

To compute the readout noise, evaluate:

 [electrons r.m.s.]. (Equ. 8.3)
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8.2.2.6 Step 6: Compute the Dark Current

Convert the dark current measured in ADUs to electrons per pixel per second by
evaluating:

 [e- / pixel / sec]. (Equ. 8.4)

Recall that  is the dark frame exposure time in seconds.
Some CCDs have dark current rates as low as 0.001 electrons per pixel per

second. For these low-dark-current CCDs, it may prove necessary to use an inte-
gration time considerably longer than 60 seconds to accumulate a sufficiently
large dark current to measure.

8.2.3  What Results to Expect

The conversion factor (or gain) is the number of electrons per ADU. It is deter-
mined by the CCD camera’s electronics. The designer’s goal is to divide the full-
well capacity of the CCD chip into the number of steps resolved by the analog-to-
digital converter:

. (Equ. 8.5)

For example, for a commercial-grade chip with a full-well capacity of
40,000 electrons and a 16-bit analog-to-digital converter, most camera designers
would set the conversion factor at some value close to 80,000/65536 = 0.6 elec-
trons per ADU. For 16-bit CCD cameras, gain values around unity are typical.

Delectrons
gDADUs

t
-----------------=

t

full-well capacity
levels available

------------------------------------------ conversion factor=

Table 8.1 Sample Basic CCD Test Data

Frame Sum Frame
Std Dev’n of

Difference Frame
Mean Dark

Flat Frames 39675 ADUs 247.7 ADUs —

Bias Frames 213.3 ADUs 32.84 ADUs —

Dark – Bias Frame — — 6.43 ADUs

 [e- / ADU]

 [e- r.m.s.]

 [e- / pixel / sec]

Note that “electrons” is often abbreviated as e- (the letter e with a superscripted minus sign). 

For example, the term “electrons per ADU” is written as e- / ADU.

g F1 F2+( ) B1 B2+( )–

σF1 F2–
2( ) σ2

B1 B2–( )–
--------------------------------------------------- 39675 213.3–
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----------------------------------------------- 0.65= = =

σReadout
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t
----------------- 0.65 6.43×
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--------------------------- 0.07= = =



234    Handbook of Astronomical Image Processing

Readout noise is primarily determined by the CCD’s on-chip amplifier and
the readout speed. Science-grade chips that are read out slowly may have readout
noise levels of 3 electrons r.m.s. or better; top-notch commercial-grade models
with moderately fast readout speeds have readout noise around 6 electrons r.m.s.;
and CCDs made for video camera applications and digital SLRs typically have a
readout noise between 8 and 30 electrons r.m.s. If your camera has a CMOS sen-
sor, you can expect the conversion factor and readout noise to be larger than you
might find in a comparable CCD, but somewhere in the same ballpark.

In a cooled CCD camera, the mean dark current is typically around 1 electron
per pixel per second. Dark current depends critically on the intrinsic properties of
the sensor and the temperature of the sensor. A CCD that has a dark current of 1
electron per pixel per second when it’s cooled to –30 C will have between 100 and
1000 times that much dark current operating at room temperature. Since low-dark-
current technologies can push the dark current down to roughly 10 electrons per
pixel per second at room temperature; and these devices, when cooled to –10 C,
turn in  quite remarkable dark current figures. CCDs made by Sony employ a pro-
prietary process that produces very low dark currents at room temperature, and ex-
traordinarily low levels—on the order of 0.002 electrons per pixel per second—
when cooled to –10 C. With such low dark currents, dark current subtraction may
not immediately appear to be necessary, but remember that dark-frame subtraction
also removes the bias value, which is necessary for proper flat-fielding.
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