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Abstract. Cosmic rays are a known problem in infrared astronomy, causing both
loss of data and data accuracy. The problem becomes even more extreme when
considering data from a high radiation environment such as in orbit around Earth,
or outside the Earth’s magnetic field altogether, unprotected, as the James Webb
Space Telescope will be. To find the best method to correct for this disturbance we
develop three cosmic ray detection methods: a 2-point di!erence method, a deviation
from the fit method, and a y-intercept method. These methods will be applied to
simulated non-destructive read ramps with varying combinations of slope, number
of frames, number of cosmic rays, and cosmic ray frame number and strength.

1. Introduction

Advances in technology that allow us to see deeper, build more complex systems, and even
send telescopes further into space, have challenged us to continue to improve our cosmic ray
(CR) detection methods. Infrared detectors, such as those that will be on the James Webb
Space Telescope (JWST ) require a lower operating temperature, therefore JWST will be
placed at the L2 point outside of the earth’s magnetic field. Here the observatory will be
largely unprotected making CRs a serious problem. Furthermore, newer infrared telescopes
will have a lower read-noise, and thus will detect fainter CRs than before (and most CRs
are faint!). Finally, long observing time will be necessary to complete many of the scientific
goals of the JWST, causing CRs to be an even larger problem. A study by O!enberg et al.
(1999) calculated that in every 1000 seconds, up to 10% of the field of view of the JWST
will be a!ected by CRs. However, according to a more recent study by Rauscher et al.
(2000), this rate is predicted to be 20%. Clearly, a reliable method to detect and correct
for CRs is needed.

Correcting for CRs is not a new problem, however with the recent development of non-
destructive reads there are more solutions available. Instead of utilizing charge-coupled
devices (CCD’s), infrared arrays are now made with an infrared material plus silicon Com-
plementary Metal Oxide Semiconductor (CMOS) multiplexer. These do not use charge
transfer as a CCD does, and instead collect charge at each pixel and have an amplifier and
readout multiplexer at each pixel. This technology allows us to continue to non-destructively
read the array as we integrate charge on a pixel, and choose when we want to reset. By
integrating the charge on each pixel, we can calculate the slope of this ramp in counts per
time to get the flux of the sky (Rieke 2007). To get the best calculation of this slope, we
must correct for the CRs. Noise is added to the data not only by CRs, but by the detector
and readout electronics as well (Fanson 1998, Tian et al. 1996, Rieke 2007). We discuss
how to take this noise into account.

To best learn how to detect and correct for CRs in non-destructive read ramps, we
simulate mid-infrared data to test various techniques for finding CRs. This will be described
in Section 2.. There are three proposed CR detection techniques that we explore here;
these methods will be described in Section 3.. The first is a two-point di!erence method
(Subsection 3.1.), the second is a deviation from the fit method (Subsection 3.2.), and the
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third is the y-intercept comparison (Subsection 3.3.). Concluding remarks can be found in
Section 4..

2. Simulating Non-Destructive Read Ramps

In order to test how well a CR detection method works, we have to test it on a known
CR. For that reason we have simulated non-destructive read ramps with photon-noise and
read-noise added in, to which we can either add CRs with known frame numbers and known
amplitudes or leave the ramps clean (CR free). We build these ramps with the slope, zero
point, gain, dark current, integration time and frame time as inputs. At time, t = 0, the
counts are equal to the y-intercept. This is not considered part of the ramp (t = 0 would
be when the reset occurred, but we start reading at time equal to one frame time). For the
first frame, we add the expected number of photons to the y-intercept (counts at t = 0),
which would be the slope times the frame-time. To this we add the correlated noise. This is
a random number pulled from a Gaussian with the photon-noise as the standard deviation
of that Gaussian. We calculate the photon-noise by taking the square-root of the electrons
added. We then move onto the next frame, and calculate the counts there by adding the
expected photons to the previous count, and then adding the correlated noise as before.
When all frames are populated, we add the uncorrelated noise, the read-noise, to each
frame. If we decide to add one or more CRs to the ramp, we simply add the electrons when
we add the expected counts. The uncertainties for these ramps are calculated by adding
the photon-noise (Poisson noise is used) and the read-noise in quadrature.

The inputs used for these ramps are given in Table 1.

Slope (DN/s) 10.0
Zero Point (DN) 3000.0
Number of Frames 10
Frame Time (s) 27.7
Gain (e-/DN) 7.0
Dark Current (e-/s) 0.02
Read-noise (e-/sample) 16.0/

!
8

Table 1: Parameters used to create non-destructive read ramps.

3. Cosmic Ray Detection Methods

All three CR detection methods have a unique algorithm, however, all follow the same
procedure to calculate a slope once the CRs are found. This is outlined here:

• Detect CRs.

• Calculate the slope for the resulting ramp segments before and after the CR events
(we will refer to these as ‘semi-ramps’ from here on, following Robberto (2008)).

• Calculate the final slope of the entire ramp. If there is one CR or more, do this by
taking the weighted average of the slopes of the semi-ramps (see Regan 2007).

Anytime a slope is calculated for the above process, or for the following methods, we do
so using linear regression for data with correlated and random uncertainties (in consider-
ation of the photon-noise and the read-noise respectively) following Gordon et al. (2005).
Furthermore, the largest outlier is always found first.
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Figure 1: The 2-point di!erence method is detected here. In (a) the black line and points
are the data, i, and the blue dashed line is the 2-point di!erence, di, of this data. In (b)
the red line is the ratio in Equation 1 which will be compared to the rejection threshold, rt.

3.1. Two-Point Di!erence Method

For the two-point di!erence method we calculate the two-point di!erences between the
counts in each set of adjacent frames. The largest outlier is flagged as a CR given that it
fulfills the rejection criteria:

|di ! µd|
!d

> rt (1)

where di is the di!erence between the science data i and i ! 1, µd is the median, !d is the
uncertainty in the di’s, and rt is the rejection threshold. The median is used because it is
more robust than the mean when there are outliers in the data (Press et al. 1986, O!enberg
et al. 1999). Furthermore, we use the absolute di!erence so that we remove outliers in both
directions and do not bias the data (O!enberg et al. 1999, O!enberg et al. 2001). However,
if larger rejection thresholds are used, and therefore there are no longer as many outliers
(i.e. only picking up the strongest CRs), then one-sided clipping would work just as well
(Windhorst et al. 1994). Once one CR is identified, the faulty di (that which includes the
CR) is removed, and the process is repeated on the remainder until no more are found.
This method is depicted in Figure 1.

When calculating the uncertainty in the di’s, !d, the most obvious solution would be to
use the standard deviation. However we have found that this does not work will for ramps
with low number of frames (" 5). An improvement would be to use the photon-noise and
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read-noise added in quadrature. We can calculate the photon-noise as Poisson noise, but
since we are dealing with the 2-point di!erence we use the charge accumulated since the
last frame rather than the total charge in a frame (also helps to avoid biases towards the
end of the ramp). This charge can be estimated by a linear fit to the data multiplied by
the frame time, but in the case of a CR this would not quite be accurate. Rather we use
the median of the two point di!erences, µd to avoid contamination by a CR. Therefore:

!d =
!

n2
p + 2 ! n2

r (2)

where the ‘2’ is because of the read-noise from each of the two frames, nr is the read-noise
and np is the photon-noise defined as np =

"
µd.

3.2. Deviation from the Fit Method

To apply the deviation from the fit method, we fit a line to all of the counts in a ramp and
for each frame, calculate the di!erence to the fit as a ratio to the uncertainty in the counts:

diffn =
xi # fi

!i
(3)

where xiis the counts in frame i, and fi is the fit at that sample, !i is the calculated noise
for xi.

We then take the first di!erence of these ratios, and look for the largest. If it satisfies
the criteria:

|diffi+1 # diffi| > rt (4)

then frame i is flagged as a CR. The ramp is then split into the semi-ramps, and this method
is applied again to the resulting semi-ramps.

If a sample contains a CR hit, it’s high value will bias the fit upwards, so that the one
sample by itself doesn’t necessarily stick out as high as it should above the fit. This also
means that the sample preceding the hit (or maybe even more than one sample) will usually
lie below the fit. So by looking at the change in distance from the fit from one sample to
the next, you’re more sensitive to picking up real hits. This is shown in Figure 2. Notice
in the figure that the background is not at zero as it was for the 2-point di!erence method,
but $ 10. The reason is that for the 2-point di!erence method we subtract the median
(which would exclude the CR) while here we subtract the fit which includes the CR in its
calculation.

The noise in a frame, !i, is calculated from the photon-noise and read-noise added
in quadrature. Instead of using the Poisson noise for the photon noise (as for the 2-point
di!erence method, we found that this resulted in more false CR detections at the end of the
ramp where there are higher counts, thus greater Poisson noise), we give an equal weighting
to each sample by calculating the photon noise as the square root of the average number of
counts added to each frame. Therefore np =

"

m ! tf where m is the slope calculated for
the fit, and tf is the frame time.

3.3. Y-Intercept Method

For the y-intercept method, we step through each frame and assume that there is a CR
there, and fit a line to the semi-ramps before and after. Every time the x-axis is shifted
so that the y-intercept is located at the frame number of the assumed CR. Then, we take
the ratio of the absolute di!erences in the two y-intercepts (b1 and b2) to the expected
uncertainty. After doing this for every frame, we look at the frame with the largest ratio. If
this ratio is larger than a given rt, then we flag that frame as a CR. The process is repeated
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Figure 2: The deviation from the fit method is depicted here. The black line and points
are the data, and the blue dashed line is the linear fit made up of points, fi, corresponding
to the data points, xi. In the lower panel the green dotted line is the ratio of the di!erence
between the fit and the data to the uncertainty, diffi. The red line is the 2-point di!erences
of the diffi’s. This is what will be compared to the rejection threshold, rt.
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on the resulting semi-ramps. This equation is shown in Equation 5, and the method is
shown in Figure 3.

|b2 ! b1|
!y

> rt (5)

The expected uncertainty, !y, is calculated by adding the uncertainty in the y-intercept
calculation from the both the read-noises and from the photon noise in quadrature. The
uncertainty in the y-intercept calculation from the read-noise comes from the random errors
in the linear fit algorithm described by Gordon et al. (2005). The photon noise that goes
into this measurement is calculated by taking the weighted average of the two slopes (from
the two semi-ramps), and multiplying that by the frame time to get the average number of
counts added to each frame, and taking the Poisson noise of that. Therefore,

!y =
!

n2
p + nr1

2 + nr2
2 (6)

where nr is the read-noise, and np =
"

m̄ " tf .

4. Conclusion

Each of the three methods described above find the CR, evidence being the strong peak
in their detection ratios at the location of the CR (Figures 1, 2, 3). However, how well
each method finds a CR depends on the rejection threshold used. Without considering
the results, there are a few things we can acknowledge. The 2-point di!erence method
takes the least amount of computations, while the y-intercept method can claim the most.
Furthermore, once a CR is found, the 2-point di!erence method is the least a!ected. With
the 2-point di!erence method, instead of splitting the ramp into two semi-ramps, we can
simply remove the 2-point di!erence that includes the CR. With the other two methods the
ramp is split into two semi-ramps and our calculations of the slope and y-intercept are not
as robust.

These three CR detection methods have been tested on simulated non-destructive read
ramps, adjusted, corrected, and refined, in order to present the optimum version here.
However, we ask ourself which of the three is the best? The goal of our future work is to
answer this question.

To compare these methods, we look at simulated ramps with 5, 10, 20, 30, and 40
frames, with CRs of 20 di!erent strengths from 0 to 140 DN (beyond that all CRs were
found with all methods), and with slopes of 0.1, 1.0, 5.0, 10.0, 30.0, 40.0, 50.0, 60.0, and
70.0 DN/s, with 1, 2, or 3 CRs, and with the CR located in the beginning, middle, and end
of the ram. We then simulate 10,000 non-destructive read ramps for each combination, and
apply each method to each ramp to compare the results. For each of the methods described
above, the rejection threshold, rt, is chosen such that the rate of false detections is the same
for all methods. In this way we can best compare how will they find the CRs. These results
will be published in a future paper.

References

Fanson, J. L., Fazio, G. G., Houck, J. R., Kelly, T., Rieke, G. H., Tenerelli, D. J., &
Whitten, M. 1998, in Presented at the Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference, Vol. 3356, Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, ed. P. Y. Bely & J. B. Breckinridge, 478

Gordon, K. D., et al. 2005, PASP, 117, 503



Detecting Cosmic Rays in Infrared Data 523

Figure 3: The y-intercept method is shown here. In (a) we show the method as it would
look when assuming the CR is in frame 2. The black line and points are the data, and
the blue dashed lines are the liner fits to the semi-ramp before and after the assumed CR.
The two y-intercepts, b1 and b2 are highlighted with red dots and labeled. In (b) we are
assuming the CR is in frame 4 (which indeed it is). In plot (c) we show the ratio of the
absolute di!erence in the y-intercepts to the uncertainty, which must be above the rejection
threshold, rt, to be counted as a CR. These are the results after stepping through the entire
ramp assuming a CR was in each frame.
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