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ABSTRACT
relevant to the recent SEU work performed by Zoutendyk et a1.[3,4] on static and dynamic random-access memories (SRAM and DRAM). The so-called SEU inWe report the results of irradiating a highduced error “bit-maps” and the ability to infer active
resolution, large-area, silicon charge-coupled device
collection thicknesses are analogous to some of the re(CCD) imaging array (Kodak KAF-1400)with controlled
sults of this work except that the SRAM and DRAM
low fluxes of collimated monoenergetic (17 and
devices are digital, giving responses that are equivalent
50 MeV) protons and selectedheavy ions. We measured
to zero or one; the CCD is an analog device where the
the CCD response at several angles-of-incidence, from
measurement of collected charge at each pixel site to a
normal to 70” off normal and at several azimuthal
high amplitude resolution is possible.
angles. The transient response events were recorded
We report the results of irradiating a high-resoluand analyzed to infer the effective charge collection
tion, large-area, commercial, visible silicon CCD imagdepth of the CCD. We analyzed selected individual
ing array[5] with controlled low fluxes of collimated
proton-induced events for their two-dimensional spatial
monoenergetic (17 and 50 MeV) proton and selected
amplitude and compared the results to a charge collecheavy-ions. The charged-particles were incident at
tion model which included contributions from both the
angles ranging from normal to 70‘ off-normal and at
pixel depletion and diffusion volumes for the geometry
several azimuthal angles. The experimental results
(pixel size and spacing) and thicknesses (depletion depth
were compared to a relatively simple solid state model of
and epitaxial layer thickness) of this CCD.
a CCD array and the generally good agreementbetween
analysis and observation validated this model. With this
I. INTRODUCTION
validated model we are now confident that we can quantitatively predict the transient response of a CCD array
Space-based systems employing area or linear
in a space sensor application to charged particle environcharge-coupled device (CCD) arrays are potentially susments, provided the CCD design and architecture, senceptible to transient radiation effects, such as those insor shielding, and particle environment are known.
duced by ionizing particles (e.g. protons, heavy-ions)
passing through the charge-collection volume of the
11. EXPERIMENTAL DETAILS
CCD detectingelements (pixels)[ 11. Protonsare of concern in low-to-medium earth orbits because the South
The charged-particle irradiation experiments
Atlantic (geomagnetic) anomaly permits high fluxes of
were carried out using the 88-in. sector-focussed cycloenergeticprotons[2] to penetrate to low altitudes. Ionitron of the Lawrence Berkeley Laboratory. The charzation-induced charges in the CCD array appear as unged-particles used are listed in Table 1 including their
wanted signals in the video data.
charge state, nominal energy, range and linear-energyWhen the proton induced events compete with
transfer (LET) in silicon at this nominal energy[6]. The
the CCD signals, detectivity is degraded due to an inlatter is also listed in units of electron-holepairs (EHP)
crease in the rate of false alarms. Mitigation techniques
per unit length (pm) for convenience in the subsequent
might include: a) reducing the system sensitivity by gatinterpretation of the data.
ing the system off during occasions of high proton flux,
b) applying signal processing techniques to reject the
Table 1. Charged Particles Used in Irradiation Experiments
transient events, or c) designing the CCD structure to be
less susceptible to ionizing radiation.
Charged
While increasing the detection threshold might
be practical in some space applications,reduced sensitivity is generally unacceptable. One signal processing
Proton (1 +)
techniquewhich works at relatively low proton flux is to
differentiate the targets, which persist from frame-toProton (2+)
frame, from the proton eventswhich occupyonly a single
95
2.4
1.50 x lo5
120
Nitrogen ( 3 + )
frame. At higher fluxes, more sophisticated processing
+
)
105
54
90
5.7
3.60
x
Neon
(4
is required based on systematicdifferences between the
spatial and amplitude characteristics of the signal and
14.9 I 9 . 5 0 ~ 1 0 ~ 47
Argon(8+)
180
unwanted proton events. In principle you can reduce the
44
Krydon (17+) I 378 I 39.3 I 2.50 x lo6 I
sensitivity of the CCD to ionizing radiation by reducing
the pixel volume, by reducing the depletion and diffuNote that only two energies for protons are listed; changing proton
sion depth, but this will reduce the detector responsivity
energy required the multi-hour procedure of re-tuning the cycloat longer wavelengths. Our experiment is generally
tron.
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Figure 1 displays the charged-particle beam-toCCD irradiation geometry and defines the specific values for the angles-of-incidence (e) and azimuth angles
(I$)
used in the experiment. Figure 2 is a block diagram
of the experimental system. The vacuum test chamber
was necessary both because the CCD array required
cooling to about -3OOC (accomplished with a thermoelectric cooler and water heat exchanger), and the proton and heavy-ion beam transport required a moderate
vacuum to minimize scattering. The CCD device was
mounted on a two-axis rotational mount that permitted
the range of incidence and azimuth angles indicated in
Fig. 1. The rotational mount was built using steppermotor-activated optical mounts; this mechanism along
with the water heat exchanger were all placed inside the
vacuum chamber. Rather than build a complex electrical interface for the rotational mount, a video camera
was installed above the test chamber (which had a transparent plexiglass lid) along with a remotely controlled
light source. The latter, when turned-on, illuminated
the inside of the test chamber including two carefully
delineated scales from which incidence and azimuth
angles could be directly read. The video observation of
the remote rotational mount manipulation was an
essential cross-check on correct test chamber operation.

were routed. The video analog-to-digital converter
(ADC),the 386-based computer, the high- speed directmemory-access @MA) data capture memory, image
processing system, display monitors, and digital data
storagesystemswere located outside this vault. The 560
kHz serial video analog CCD signal propagated a distance of about 30 feet outside the vault to the ADC. A
set of interlinked software subroutines were appropriately executed in the 386 computer under control of a
main program for carrying out the necessary sequences
needed to run the experiment.
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Figure 1. Definition of charged-particle geometry used for CCD
irradiation

The analog wide-band clocks and the d.c. bias
control signals necessary to operate and multiplex the
CCD device [5],and the control lines needed to manipulate the rotational mount, were routed into the vacuum
chamber via vacuum electrical feedthroughsincluding a
co-axially shielded low-noise wide- bandwidth video line
for the CCD output. The cooling water lines needed for
the internal heat exchanger were also routed into the
vacuum chamber via special feedthroughs. The CCD
device and rotational mount in the chamber, device
cooling system and heat exchanger, CCD drive, signal
processing and control electronics, line drivers, remote
camera and light source, were all located inside an
enclosed vault area where the charged-particle beams

Figure 2. Block diagram of experimental arrangement used for CCD
data collection during charged-particleirradiation

The CCD array was continuously operated as it
was irradiated with a given charged-particle beam. The
ionization-inducedcharge patterns collected at the pixel
sites were clocked in parallel to the on-chip serial CCD
shift register which fed a single on-chip electrometer
that performed charge-to-voltage conversion. The
CCD’s single video time-division multiplexed output
consists of a stream of voltage steps, where the amplitude of each step represents the signal charge collected
at a pixel. The entire array of 1035 (vertical) by 1320
(horizontal) pixels was clocked out in 2.55 s. The 1035
vertical lines were clocked in parallel at a rate of 406
lines/s (2.46 mdline) to a single 1320pixel on-chip serial
CCD multi lexer which was operated at a rate of 560,000
pixels/s (I.& @pixel), which allowed 60 overscan pixels
to be included in each line. The low frame rate necessitated the cooling of the device to -30°C to avoid shot
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noise produced by dark current and thereby preserve the
45 rms electrodpixel noise floor. The analog amplitude
dynamic range of the CCD was about 1000-to-1, from
the noise floor of 45 rms electrons/pixel to the pixel
saturation level of about 50,OOO electrons/pixel.
The video stream was amplified, processed for
noise reduction using correlated-double sampling, and
then routed to the 15-bit ADC via a video line driver.
The digitized version of the video stream (now 15-bits
per pixel including a voltage offset) was captured in a
high-speed memory board located in an Intel 386-based
computer using DMA. The memory was sized to capture half of a full 1035 by 1380 (1320 plus 60 pixels of
overscan) frame although the desired half-frame (1.4
Mbytes at 2 byteslpixel) could be selected before capture. The digitized half-frame was accessible by FORTRAN-callable routines for loading into a 2D FORTRAN array for subsequent mathematical processing.
We also used a 386-based image processing system for
data display. This system consisted of an image processing board (which plugged into the 386 computer) and a
stand-alonesoftwarepackage that allowed image-manipulation functions (image zoom and pan, contraststretch, etc.). The captured video half-frame was reformatted and loaded into the image processing board at
high speed via an optimized machine languageprogram.
The time required to capture a frame of data and display
it on this system was about 10s. Finally the video halfframe could be stored to hard-disk (this required 45s)
and data archiving and back-up were done with a digital
tape unit.
111.

interface is not a sharp boundary as a result of the CCD
processing, hence, the p-epi layer thickness is an effective thickness. Proton or heavy-ion generated minority
carriers (electrons) are collected at each pixel site from
the ionization produced by the passage of charged-particles through the depletion and diffusion layers.
A. RESPONSE TO PROTONS
For proton-induced events, we assume that the
incident proton continues in a straight-line trajectory
through the charge collection volume of the CCD. The
protons are so energetic (> 17 MeV) that their range is
much greater than the longest trajectory through the
epi-layer; thus we can assume a constant LET of EHP
generation rate along their trajectory. For the largest
incidence angles used (e = 70°), the maximum trajectory length in the CCD active layer was 15 pm X secant(70’) or 44 pm. At 3.62 eV (electronvolts) per EHP
and an LET of 1540 EHP/ pm for a 17MeV proton, only
0.24 MeV in energy is given up along this trajectory
length. This fractional loss is even less at 50 MeV. The
17 and 50 MeV proton ranges Wble 1)in silicon greatly
exceed the maximum 44 Fm effective charge collection
length in the p-epi layer.
E

RESULTS:STATISTICAL SUMMARY

The CCD is a two-dimensional array of 1035 by
1320 elements (or pixels) each 6.8 by 6.8 pm [5]. Figure 3(a), which is taken from Ref. 7, shows planar and
cross sectional views of four adjacent pixels of the device. The active charge collection region of the device
consists of the epitaxial p-doped layer shown. The so
called “p-epi“ layer is epitaxiallygrown on a very heavily
doped p-substrate and has a design thickness of 15 Fm.
Figure 3(b) shows pixel-gate-voltage-induced potential
contours as a function of depth beneath a pixel[8]. The
contours extend to a depth of 3 pm and the associated
electric field causes separation of electrons and holes;
the electrons (minority carriers in the p-epi layer) are
attracted toward the overlying pixel and collected, the
holes repelled into the diffusion layer where they recombine. This 3 pm layer is referred to as the depletion
layer. Below a depth of 3 p m the potential lines do not
depend on the overlying gate biases. This field free
region, the diffusion layer, extends from 3 pm through
the remaining effective depth of the p-epi layer. Charge
generated below the p-epi layer in the heavily doped
substrate quickly recombines and hence is not available
for collection. However, charge generated in the diffusion layer can migrate to several adjacent pixels and,
upon passing the diffusion-to-depletion layer boundary
at a particular pixel, be collected by that pixel. Note that
the minority-camer (electron) diffusion length is many
times the diffusion layer depth. The p-epi-to-substrate

DlstanceAlong Channel (mlcrons)
@)

Figure 3. (a) Planar and cross-sectionalviews of pixel area for CCD
sensor. @) Potential contour beneath two-phase gates of
single CCD pixel.
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Figures 4 through 7 show the CCD responses, in a
250 by 250 pixel area of the video output, to 17 MeV
protons as a function of different incidence and azimuth
angles (e and respectivelyin Figs. 4 through 7) at a low
and relatively constant flux. In Fig. 4 (e = 0" and =
0") about 100 events, each covering a few pixels (2 or
3 pixels in each direction), are visible. This corresponds
to normally incident irradiation and no particular
symmetry is evident for the events. These events look
somewhat similar to those produced by irradiating a
CCD with x-rays (see Fig. 2 of Ref. [9]), however the
basic mechanism for charge generation by x-rays is different than for charged-particle irradiation. Figures 4
through 7 have been highly contrasted to make the
events clearly observable with the result that the detail
of the amplitude distribution across individual events is
lost. See Section N for the analysisof selected individual event amplitude profiles. In Fig. 5, (+ = 0", 8 = 70")
the beam enters the CCD at 70" to the normal but is
aligned with the pixel rows (horizontal axis). Here the
events are elongated in the row (horizontal) direction
comuared to the column (vertical) direction. The large
angfe of incidence results'in a longer trajectory throuih
the device charge-collection layers, one that corresponds to traversing beneath several pixels before descendinginto the heavily doped substrate. Figure6 (+ =
30", 8 = 70") shows the same general features as Fig. 5
since they both correspond to the same incidence angle,
however, the event elongation is along the 30" azimuth
direction as indicated. In Fig. 7 (+ = 60",e = 70") the
direction is rotated still further with the elongation
along the 60" azimuth.
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Figure 5. CCD video response; 17 MeV protons, 8 = 70°,
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Figure 4. CCD video response; 17 MeV protons, 8 = O',
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Figure 6. CCDvideo response; 17 MeVprotons, 8 = 70'.
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Figure 8. Histograms for 17 MeV protons, 8 = 70°, (p = 0"
(a) Event amplitude, @) Event spatial area
Figure 7. CCD video response; 17 MeV protons, 8 = 70°,
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Variations in specific proton trajectories, and
CCD charge collection effects, as well as scattering,
contriiute to the distribution in both the extent and total
charge generated from event-to-event,for a given beam
energy and incidencdazimuth angle set. Figures S(a)
and 8(b) are histograms, showing the effect of these
variations for the specific case of 17 MeV protons incident at 8 = 70" and I$= 0". In Fig. s(a) the amplitude
distribution of the individualproton-response events has
a mean of about 55,000 electrons and a standard deviation of about 20% of the mean. Similarly, Fig. 8(b)
shows the distriiution of the individual event areas given
as the total number of pixels each event covered. For
this case the average event covered about 10 pixels,
consistent with the typical event area extent shown in
Fig. 5. The histograms were obtained by exercising a
computer program that associated clusters of adjacent
pixels, which stood above a predetermined threshold
level, as transient events. Once a cluster was deemed an
event, its total charge and area were computed. An
entire frame of data was analyzed automaticallythis way.
The program only worked reliably for data frames with
fairly sparse events; some of the frames with high event
densities had to be analyzed by hand (using far fewer
events).
The particle trajectory length through the active
layers in the CCD scales as the secant of the angle-ofincidence (0) per Fig. 1. This implies that the total
collected charge per event should also scale as secant
(e), independentof the azimuthal angle. Figure 9(a) is a
plot of the mean event charge versus secant (e), for
various azimuth angles and 17 MeV protons. The error

bars correspond to & one standard deviation in the data
used for each point. The first data point corresponds to
the case of normal incidence where the collected charge
is due to the proton track along the minimum possible
trajectory length, the device active layer thickness. The
straight line in Fig. 9(a) is extended through zero since
an infinitely thin active layer would collect no charge.
Accordingly, the straight line represents a fit to the data,
with the constraint that it pass through the origin. Dividing the mean event charge from Fig. 9(a) by the EHP
generationrate of 1.54 X 103/pmP b l e 1)and the cos(0)
results in an apparent carrier collection depth of 10.8
pm, which compares favorably to the nominal p-epi layer
design thickness of 15 pm [Fig. 3(b)]. Figure 9(b) shows
the mean event charge for 50 MeV protons. In this case
we see the data drops off for 0 < 45 O . The combination
of this relatively high proton energy and these shorter
trajectory lengths makes the induced events rather
small. In a given event the diffusion component of the
signal charge is spread over many pixels making it more
difficult to estimate at low signal to noise ratios. Consequently two lines are shown in Fig. 9(b), one using all the
data, the other using only the data for 8 > 60". In both
cases the lines are constrained to pass through the origin. The upper line gives an effective layer thickness of
10.4 pm and the lower line 9.11 pm, assuming an LET of
640 EHP/pm for 50 MeV protons. With the indicated
discrepancyof the short trajectory data, this is consistent
with the results obtained for the 17 MeV proton irradiation.
The above results indicate that the magnitude of
the proton-induced events scale in an expected manner
with incidence angle (e.g. trajectory length through the
CCD charge collection layer) and energy and that all of
the charge generated in the volume associated with this
layer by a passing energetic proton is collected by the
affected adjacent CCD pixels.
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multiplying the 8 = 0" line by the secant (0) factor of
2.92. The lower LET points fit this line while the higher
LET points do not.
For the grazing incidence particle, i.e., 0 = 70°,
the range of the heavy-ions relative to the distance traveled in the charge-collection layer must be considered.
The projected ranges of the heavy-ions are: nitrogen(3 + ) = 120 pm, neon(4 + ) = 53 pm, argon(8 + ) =
46 p.m, and krypton(l7+ ) = 43 pm. These ranges were
computed** after reducing the incident energiesby the
loss in passing through 2 pm X secant (70") = 6 pm of
thermally-deposited overlying glass which is used as a
scratch-protection covering for the CCD, and hence are
slightly shorter than those listed in Tmble 1. For normal
incidence this energy loss in the glass over-layer can be
neglected.
For normally incident heavy-ion range is much
greater than the maximum charge-collection (p-epi layer) thickness of 15 pm, but at 0 = 70" both krypton(l7 +) and argon(8 +) stop inside the charge collection depth and neon(4+) stops just outside. The assumption of a constant LET along the trajectory length
is clearly not met for these cases.
Krypton(l7t)
Argon@+)
180 MeV
378 MeV
Energy
Let 2.5 x id o i ~ i p n 9.5 x id EHPlpm

Neon(4t)
80 MeV

3.6 x

io5 E

Nlftogen(3+)
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H P ~1.5~ x

io5 EtiPrw

secant (0)
@)
Figure 9. Mean proton-induced event charge versus secant(@
(a) 17 MeV protons; inferred layer thickness = 10.8 pm.
@) 17 Mev protons; inferred layer thickness = 9.1 to
10.4 p m

B. RESPONSE TO HEAVY-IONS
The CCD was also irradiated with four heavy-ions
of increasingLET as indicated in Bble 1. From right-toleft in Fig. 10 we see that the unusual CCD video responses increase in area with increasing LET These
shapes result because charge overflows from the pixel
impacted by the ion into adjacent pixels. The number of
camers created over even the shortest trajectory easily
exceeds the 50,OOO electron/pixel saturation limit of this
CCD. The saturation overflow is clearly very asymmetric, with the vertical direction being the preferred direction for the overflow. This overflow occurs against the
direction of the CCD charge transport and is due to the
nature and clocking of the 2-phase vertical CCD gates.*
Note that while the saturation phemonena obliterate
the spatial structure of the heavy-ion induced event, the
total generated charge is not lost, but rather is collected
by the affected pixels. Figure ll(a) is a plot of the mean
collected charge per heavy-ion event versus the LET for
the corresponding heavy-ion, for the four ions at 0 = 0"
and 70". For 0 = 0" the charge collected is directly

Figure 10. CCD video response to the heavy ions N(3+), Ne(4+),
Ar(8+), and Kr(17+).

IV PROTON SINGLE-EVENT ANALYSIS

AND MODELLING

Understanding the details of the spatial shapes
and magnitudes of the individual events requires developing a model for predicting these characteristics. To
this end we developed a simple model that requires as
inputs: the proton kinematics (0, and energy), an assumed (x,y) entry point into the CCD, the CCD depletion and diffusion layer thicknesses, and the dimensions
of a pixel along with the associated CCD pixel surface
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Figure 11 (a) Mean particle-induced event charge versus LET for
four heavy-ions (N, Ne, Ar,Kr); inferred layer thickness =
13.6 pn. b) Mean particle-induced event charge versus secant(@ inferred layer thickness = 17.8 p m for Nitrogen,
14.8 p m for Neon.

topology. Figure 12 shows a proton incident on a pair of
adjacent pixels. The pixel structure is replicated in the
x and y directions to form a two-dimensional array of
pixels. The proton, following a straight line trajectory,
enters pixel 1at position PO= (q,yo,O), where the origin
is defined at the upper left-hand vertexof this pixel. The
trajectory of the proton is defined by the conventional
spherical coordinates shown in Fig. 12. The proton
passes into pixel 2 at position P1 = (xl,yl,zl) where
clearly y1 = d. Finally the proton passes out of the
bottom of pixel 2 P2 = (x2,y2,z2)where z2 = q e p l . From
positions Po to P2 the proton trajectory is in the
depletion layer of the CCD, first under pixel 1and then
under pixel 2. The electric fields present in the depletion volume under a given pixel collect any chargedparticle-induced minority carriers (electrons) produced
in that pixel volume. If we know the particle trajectory
through one or more adjacent pixel depletion volumes,
we can determine the charge collected by each pixel by
multiplyingthe particle trajectory length in each pixel by
the LET For example, in Fig. 12 the total depletion
charge collected by pixel 1would be the distance from Po
to P1 times the LET for pixel 2 it would be the distance
from P1 to P2 times the LET The number of pixel
depletion volumes crossed depend on the particle kinematics; for large angles-of-incidence,more pixels would
generally be crossed than for small angles-of-incidence.
Once the charged-particle descends below the depth

-
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1

Poto Pp: Depletion Collection Model
P2to P3:Diffusion Collection Model
(Kirkpatrick)

Figure 12 Schematicshowing proton trajectory through depletion and
diffusion volumes of two adjacent pixels.

corresponding to the depletion layer (z = Zdepl in
Figure 12), the diffusion volume of the CCD is entered.
The model for depletion layer charge collection
amounts to nothing more than computing line segment
lengths though adjacent parallelepipeds (pixel depletion
volumes) given an entry point and trajectory definition.
Note that this computation is similar to that used by
Pickel and Blandford[lO] in evaluating heavy-ion induced SEU’s in MOS memories.
To compute the charge collected from the diffusion layer(shown as the dimension Qiff in Figure 12) we
apply a simple model taken from Kirkpatrick[111. In the
diffusion volume there are no electric fields, hence,
ionization-induced charge diffuses to adjacent pixels.
The Kirkpatrick model starts by solving the 3-dimensional diffusion equation in a field-free semi-infinite
medium assuminga point source due to EHP generation
(units of EHP/volume) at some depth into the diffusion
effects of recombination are neglected at
region.
this stage of the model but are later included using an
approximation.) The method of images is then used to
establish boundary conditions for the point-source solution. The resulting current density at the depletion-diffusion layer boundary interface (the plane given by z =
1 in Fig. 12) is computed by taking the negative of the
diffusion coefficient times the normal gradient of the
point source density evaluated at the interface. That the
normal gradient is used, assumes that the interface is a
perfect absorber. This current density is integrated over
the device integration period, which is considered infinite for mathematical simplicity. The CCD parallel line
time of 2.46 ms is much longer (for our clocking rates)

me
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than the time required for charge to diffuse to the surface for collection, hence this approximation is justified.
This gives the charge per unit area at the depletiondiffusion layer interface obtained from a point-source
inside the diffusion region. This method is then generalized to a line of Em's representingthe ionization track
of a charged particle corresponding to the trajectory
from points P2 to P3 in Fig. 12. The final steps in the
model consist of (a) integrating down this line (from P2
to P3) where the chosen length determinesthe effective
diffusion layer thickness of the device (denoted %iff),
herein approximating the effects of recombination and,
(b) integrating over the pixel areas at the diffusiondepletion layer boundary. The entire model was assembled by first computing the depletion charge generated from Po to P2 and then using the point P2 as the
entry point for the diffusion charge calculation and finally adding the two resulting (depletion and diffusion)
pixel maps together.
To test this model, several 17 MeV proton events
were examined. The comparison between these experimental observations and the model predictions are
shown in Figs. 13-16. The parameters used in this model
were those of the Kodak CCD: 6.8 by 6.8 pm pixel with a
6.8 pm pitch, a 3 pm depletion depth, and an 8 pm
diffusion depth. Note that the depletion plus diffusion
width is essentially the value inferred from the slope of
Fig. 9(a) based on analyzing the total charge collected.
Figures 13 and 14 show the case of normal incidence
(e = O",, = 0"). In Figs. 13(a) and 13(b), contourplots
of constant collected charge versus pixel position are
shown for an area of about 20 by 20 pm (3 by 3 pixels) for
the experimental event and modelled event, respectively. The pixel responses (in electrons/pixel)are log scaled
in this figure. Note that the proton did not enter in the
center of a pixel as indicated by the slight asymmetry in
the contour plots. Figures 14(a) and 14(b)show x and y
direction semi-log profile plots of this event, again for
the experimentally observed event and the modelled
event, respectively. Good qualitative agreement is seen
between the experimental and modelled events where
both have about the same peak signal amplitude. The
total integrated charge in the experimental and modelled events agreed to within a few percent using a
threshold for both of 200 electrons. Given the amplitude distribution in the observed events in even one
frame, there was clearly a variety of different amplitude
experimental events from which to choose. The event
integrated amplitude corresponded to a level very close
to the center of the data point shown on Fig. 9(a) for
8 = 0". Hence "typical" events matched well with the
model. This approach to experimental versus modelled
event matching was also employed for the two examples
discussed below.
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Figure 13 Contour plot showing a proton-induced-event-amplitude
versus pixel position for a 40 by 40 block of pixels for
17 MeV protons at normal incidence. Amplitudes are logscaled. (a) Experiment, @) Model

Figures 15 and 16 show experimental and modelled responses for 17MeVprotons with trajectories of 8
= 70" and
= 0". This means the protons were travelling parallel to the CCD column direction. Here the
contour plots of Fig. 15clearly show a large asymmetryin
the column direction as would be expected. This asymmetry is better seen in the profile plots in Figs. 16(a)and
16(b). Note that the qualitative match between the
experimental and modelled events is good. However,
the modelled event appears to spread-outmore than the
observed event. The total integrated charge in the
experimental event fell within the experimental uncertainty of the inferredcharge collection depth. Obtaining
a good match for this case required exercising the model
for different proton entry positions (point Po in Fig. 12).
Clearly we have no a priori knowledge of a proton's entry
position on a CCD pixel and hence model iterations for
various trial entry positions were necessary. Finally, the
role of the depletion component of the charge pattern
should be appreciated. Figure 16(b) shows profile plots
where in the x-direction, the highest two amplitude pixels stand out well above the adjacent pixels because of
this depletion layer contribution. At 8 = 70", the incident proton enters and traversesthe depletionvolumes
of these two pixels and then descends into the diffusion
volume. Clearly the highest amplitudepixel of these two
experiences the longest proton trajectory length.

+
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The results of this investigation provided considerable insight into the statistical and physical nature of
proton and heavy-ion induced transient responses in a
large area CCD imaging array of known architectureand
design. The results of the statistical analysis of the
charged-particle response data support the idea that all
of the ionization-inducedcharge generated within some
charge-collecting layer (depletion plus effective diffusion layer thicknesses) of the CCD are collected and
counted as events. This inferred thickness was fairly
close to the CCD's p-epi layer design thickness of 15pm
which represents the maximum charge collection layer
thickness possible for optically induced charge collection. Specifically, the 17 and 50 MeV proton irradiation
data pointed toward a charge-collection layer thickness
of between 10 and 11pm, while the heavy-ion data implied a charge-collection layer thickness in the 14 to 17
pm range. Based on the error-bars in Fig. 9, we do not
consider these differences to be statistically significant.
There was evidence that for the two most massive heavyions at large angle cases (e = 70') the ion range was less
than the trajectory length through the charge-collection
layer.
The model predictions matched several experimental observations within 20%. The key difference
was that the model tended to spread the charge collection volume out more than was observed. The model
included both depletion and diffusion volumes, although it appearsthe diffusion volume was not modelled
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precisely. The role of the depletion and diffusion components of the collected charge stood out in both the
experimental and modelled events; the impact of an
improved diffusion model will be investigated. The results of this investigationindicate that a predictive single
event model can be used to fairly accurately assess the
impact of proton- induced transient responses in CCD
imagers, where the nominal device architectureparameters are known. It would be interesting to irradiate a
series of high-resolution CCD area arrays of increasing
p-epi layer thickness to investigate the effect of increasing the diffusion component of the ionization-induced
charge, and test the ability of the model to predict the
resulting event shapes. Small pixels would be needed to
provide good spatial resolution of the observed events;
however, such a series of CCD’s would probably have to
be specially fabricated as research devices since their
utility as optical imaging arrays would be limited in most
applications. The results of this work also provide some
basis for optimizing CCD designs for reduced transient
response to charged-particles, for example by reducing
the active layer thicknesses. This, however, must be
done without unacceptably degrading the desired CCD
optical performance.
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