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ABSTRACT
This paper describes the design of a remote, automatic all-sky camera for capturing bright meteor trails based on a DSLR
camera combined with Liquid Crystal shutter technology for angular velocity determination. Design, performance and
obtained experience are discussed, as well the up scaling towards a large autonomous network for accurate fireball orbit
determination and meteorite recovery.
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1. INTRODUCTION
Meteors originate from two types of parent bodies: comets and asteroids. Particles released by comets do cause most of
the typical meteor showers and produce generally weak meteors, lighting up in the earth atmosphere between 120 and 80
km. Meteors originating from asteroids can be larger in size, with the chance that they survive their flight trough the
atmosphere, resulting in the dropping of meteorites. In this paper we focus on the latter. As meteorite-dropping meteors
are bright, sensitivity of patrol cameras is rather uncritical, but since the event cannot be predicted, and as such the
appearance can be anywhere on the sky, field of view is.
Capturing very bright meteors is best done by cameras with extreme wide-angle optics. In order to a) recover a possible
meteorite after having observed the fireball trail and b) identify the origin of the meteor by calculation of its orbit, it is
required to observe the event from at least two stations at different locations, which make it possible -with help of
triangulation- to compute the trajectory in the atmosphere, from which an impact point on earth can be derived as well
the orbit in the solar system. The latter requires in addition accurate measurement of the apparent velocity. As bright
meteors (also called fireballs) are rare*, uninterrupted monitoring of the hemisphere is obligatory.
Fireball monitoring and meteorite recovery programs often consist of a whole network of cameras, typically 50-100 km
apart. The first were the Prairie Network (United States), the Meteorite Observation and Recovery Program MORP
(Canada) and the European Network (former Eastern Europe), the latter still in operation3, followed by several others
like ASGARD in Canada4; DFN in Australia5 and the Polish Fireball Network in Poland6.
Thanks to the huge consumer market for digital-SLR (DSLR) camera technology, this type of camera forms an
interesting candidate for realizing cheap high-resolution camera stations.
This paper focuses on the design and development of such a DSLR technology based camera, the realization of the
prototype, and the obtained experience during the first 2.5 years of operation. It concludes with discussion of further
improving the quality, the up scaling towards a network of many identical cameras, which together cover a collection
area as large as the Netherlands.
Extreme wide-angle monitoring networks are not only being rolled out for fireball and meteorite recovery programs, but
also applied for various other astronomical targets. An example is MASCARA7,8, with the goal detecting planets around
the brightest stars, which has partly similar camera design considerations.
*

As example: meteorite dropping fireballs over Dutch territory (equal to ~50,000 km2) are reported less then once per decade with the latest meteorite
recovered in 1990 in Glanerbrug1,2 and the latest candidate meteorite-dropping fireball dating from October 30, 2013 (still undiscovered).
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2. BACKGROUND
Since the 1960s and 1970s automated networks of meteor cameras have been in use for collecting data on fireballs and
recover meteorites. The applied cameras always use wide field optics and mostly fisheye lenses or convex mirrors. The
first networks used photographic plate or film, often of large format, with only the last decade them being replaced by
CCD and CMOS detectors. These photographic stations were sophisticated robots3, able to work autonomously for ~1
month and exchanging photographic plates automatically. Because of the large plate scale combined with small grain
size, it took long before electronic sensors could replace them in terms of astrometry.
Measurement of the velocity generally is generally done with a rotating shutter9,10. This shutter is situated in front of the
lens, or in between lens and film. These shutters run with a constant speed, typically between 5 and 20 cycles/sec, and
mostly driven by synchronous motors or stepper motors. In The Netherlands several semi-automatic, All-sky cameras are
in use, all equipped with rotating shutters.
Meteor observations are nowadays also frequently done with video cameras11. This work concentrates on meteors of
cometary origin due to the large sensitivity. The relatively small detector size (typically 800x600 pixels) makes the use
of video systems for accurate fireball patrol work however limited. Reaching sufficient astrometric resolution requires
therefore many more cameras. Moreover, the dynamical range of video cameras is small.

3.

REQUIREMENTS

The project should deliver results that are at least comparable with other standard meteor orbit work. At the start of the
project the requirement was set allowing for a maximum error of 0.01AU in the semi-major axis of the heliocentric orbit
of the meteoritic particle. This requirement followed from results obtained by orbit modellers12. The requirement on the
orbit accuracy sets further technical requirements on both the astrometry and accuracy of the velocity of the particle, but
both also depend on the characteristics of the orbit itself, even when we limit our domain to meteors of asteroidial origin
only.
A more general requirement for the needed accuracy is quantifying the required similarity between meteor orbits. This
often is done by making use of a D-criterion13. These criteria take, next to the semi major axis, also other orbit
parameters into account. The commonly used DSH criterion defines DSH=0.04 as two tightly related orbits.

4. DESIGN
The aim for the in this paper presented fireball patrol camera is to be:
-

Relatively inexpensive, to ensure that the camera can be deployed in large quantity in order to form a large
network

-

automatic, minimizing daily operation tasks,

-

reliable and robust, for minimizing maintenance and periods of malfunction.

The heart of the system is chosen to be a DSLR camera, because of their enormous number of pixels†, their very
affordable price and reasonable dynamic range12. For the prototype camera a Canon 350D DSLR was selected, which
has an APC-S sensor and 8 Megapixels. As lens the Sigma 4.5mm F2.8 DC SX HSM Circular fisheye lens was selected,
for its 180˚ circular view and known excellent image quality. Evaluation of the performance showed that such a system
is able to fulfill the requirements12.
In order to maximize robustness, the camera controller is not based on either computer or inte
rnet connection is chosen, instead the camera is operated by electronic hardware, mostly COTS. A Canon TC80N3
Canon timer controller starts/stops exposures, a DCF radio controlled clock is used to overrule the controller twice a
night and makes two reference images with precise start and stop times. A twilight switch puts camera on and off at dusk
and dawn. In order to communicate with the camera a GSM text message based interface module is used. The aim is to

†

For astrometry, the amount of pixel matters. Field of view is semi-fixed, and as such (in first order) astrometry improves by increasing the number of
pixels.
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have the camera operational every night, even in case of overcast skies. Table 1 lists the main parts of the system and a
schematic layout is given in Figure 1. Further details can be found in 14,15.
Table 1. Evaluated hardware setup
Camera

Canon EOS 350D (8 Mpxl)

Lens

Circular Sigma 4.5mm F/2.8 fisheye

Exposure control

Canon TC80N3 timer controller; twilight switch. No PC

Timing

GPS/DCF clock for time reference marks in star trails

Chopper

LC-TEC optical shutter (modulation freq. 10-100 Hz)

Power supply, control electronics and camera are mounted in 3 separate boxes15, in order to limit heat generation in both
electronics- and camera box. This increases temperature stability of the shutter controller and minimizes detector noise16.
Only the camera box is located outside.
An important aspect is the velocity measurement. Here an approach different from traditional meteor cameras has been
chosen with the choice of an optical shutter instead of a traditional rotating shutter. The shutter is built on Liquid Crystal
technology (LC-TEC), and fast enough to switch with 10-20 cycles/sec and rise and fall times of ~1 respectively 20ms17.
Advantage of an optical shutter is that control of the shutter is entirely based on electronics, which easily provides 10-6
accuracy and 10-6 stability when crystal oscillators are used, hardly achievable with mechanical systems. External
mounted rotating shutters rarely provide temporal accuracies better than 1%, as they are sensitive for wind buffeting. An
electronic system has moreover full freedom over the optimal frequency range.
The shutter is mounted in between camera and lens14, which theoretically introduces spherical aberration, but turned out
to be negligible17. How to mount the shutter is described in14. It is done with help of a Nikon-to-Canon converter ring for
accommodation the shutter. Recent work showed that the shutter also successfully could be mounted inside the camera
body without the need of an extra ring (Figure 2).
The fisheye lens is protected with a curved window against environmental impact as the system is permanently outside.
The camera box is hermetically sealed according to IP68, and tested by putting the enclosure in a 30 cm water basin for 1
hour. It ensures that moist, dust, and insects can disrupt or degrade operation. As the window is becoming cold at night
due to radiation cooling, it is at night permanently heated with a 30W heater to prevent condensation on the the window.
This heater is placed externally around the window, in order not to increase the temperature inside the enclosure
unnecessary. A small thermostat controlled 6W heater with fan for air circulation prevents the camera for frost during
winter.
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Figure 1. Architecture of the camera system with all major sub systems included (from14).
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Figure 2. Mounting of the optical shutter inside the camera body.

In order to ensure that the camera stays in a healthy state in case of power failure, a small battery backed up system is
able to power the velocity and timer controller for ~1 day in order to prevent for the loss of the in the memory stored
parameters.
Data is stored on a memory card and in principle done in RAW format to avoid compression loss. Typically exposure
times are 3 minutes which enables storage of data for ~1 week (depending on season; maximum memory card size is
8GB). Also JPEG storage is used, which in turn enables maintenance free operation for 4-6 weeks. Photometry can best
be done in RAW format as the detector response then is linear, otherwise gamma correction is needed. Fireball
brightness can then be retrieved within 0.1 magntiude12. It turned out that, especially in wintertime, the size of the
memory card requires exchange every 3 days, and for this reason change to jpeg was chosen. Effect on photometry turns
out to be small, when gamma correction is taken in to account18.

5. ON-SKY EXPERIENCE
5.1 Camera
The camera was installed on the roof of the observatory of Utrecht University in April 2012, and is at the moment of
writing slightly more than 2 years in operation.
This period has demonstrated that the camera system is capable of being operational uninterrupted. Once every 1-5 week
an operator went on-site for interchanging the data card and performing general inspection. The system turned out to
work very satisfactory and impressions of the first 6 months have been reported in16.
In the remainder of this Section we will focus on the few minor flaws:
-

After one full year of operation, it was noticed that in particular in the autumn period there were nights
were condensation on the inside of the window occurred, despite the window heating. The problem was
found originating from the fact that in autumn the nighttime temperature starts to decrease and as such the
fixed vapor content inside the hermetically closed box reaches 100% humidity, despite the available
desiccant. The static thermostat did not help as it only maintains a constant minimum temperature. A
simple solution was found by removing the thermostat and have the 6W heater permanently on, which
ensures that with help of the fan always slightly warmer air is forced towards the window. This turned out
to work satisfactory.

-

Occasionally the radio controlled clock (DCF77, Frankfurt, Germany) drops out, hooking up the clock. It
disables the two time-reference exposures, which has, when occurring often, impact on the obtained
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accuracy of the astrometric solution. Cause is not sure although (distant) thunderstorms have been
suggested. Another brand DCF clock has been purchased.
-

Components can fail, which did happen also here. First of all, after 1.5 year the main power supply died.
Considered as unlikely to happen, it did stop camera operation. The power supply was replaced and did not
fail again. In case of a second failure, mitigation will be to have two redundant power supplies. Secondly,
the external window heater, made of manganin wire, after ~1 year broke down due to oxidizing of the wire,
causing a shortcut and successively general power failure. It has been replaced by wire-wound, metal cased
power resistors, which turn out to be better resistant under external conditions. Thirdly, the Canon timer
controller malfunctioned after having performed 70.000 exposures and was replaced. Reason is unclear.
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Figure 3. View into the camera box, with camera, fisheye lens, thermostat and fan (from 15).

5.2 Data
In the 2.5-year of operation ~20 fireballs were registered. A representative example is shown in Figure 4, captured on
March 02, 2014. Data of this fireball as well as another fireball, captured on August 12, 2012, is shown in Table 2. Both
fireballs were also photographed by other Dutch stations (March 02 fireball: Benningbroek and Oostkapelle; August 12
fireball: Twisk), enabling computation of the trajectory, which includes deriving a) the astrometric solution and b)
trigonometric reconstruction of the trajectory in the atmosphere. On the trajectory the velocity information is projected,
being the centroid of each trail fragment and from this the apparent velocity in kilometer per second is computed. For
these particular meteors, accuracies were obtained of 0.4 respectively 0.3 pixels leading to uncertainties in the average
velocity of 0.10 km/s respectively 0.36 km/s (0.7 resp. 0.6%).
For a realistic estimate of the initial velocity only the first half of the trajectory is measured, as the second half starts to
show deceleration, due to increased density of the atmosphere at lower altitudes. The obtained results already confirm
that the obtained accuracy is better than achievable with conventional synchronous rotating shutters, which justifies the
choice of LC shutters17,19. For concluding whether the obtained accuracy is sufficient to ensure that an orbit belongs to
parent object or not the statistical D-criterion is used13. The found velocity uncertainty of 0.7%, results in DSH=0.011,
significantly smaller than the defined threshold of 0.04 (Section 3). In this particular case, the requirement to identify
asteroidial orbits with semi major axes Δa<0.01AU12 here is not fulfilled, this would need for this meteor a velocity
uncertainty of 0.2%.
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Figure 4. Image of the fireball of March 02, 2014.

Table 2. Two fireball examples.
Date

2014-03-02

Date

2012-08-12

Time

04:30:00 UT

Time

01:31:33 UT

Stream

Sporadic

Stream

Perseid

Height begin

56.2 km

Height begin

92.0 km

Height end

45.8 km

Height end

78.3 km

Trail length

37.96 km

Trail length

16.29 km

Astrometric acc.

0.4 pxl

Astrometric acc.

0.3 pxl

Velocity

13.28 km/s ± 0.09

Velocity

65.14 km/s ± 0.36

6. NEXT STEPS
Building on the initial success of the first camera, a second station is being realized, using identical optics, and to be
installed on another location, 100 km to the North. This camera is even more compact in construction, 18 x 18 x 23 cm
(Figure 5).
Accuracy of the cameras could be further improved by increasing number of pixels (easily done as DSLR camera
technology improves rapidly) and also focal length. A fast chopper speed also helps in improving the velocity error19,
which is with the latest optical shutter types well achievable20.
Since fireballs are bright, they can be seen from large distances, which make them appear on average at large zenith
angles. This is one of the main drivers for using 180˚ circular fisheye lenses. I propose here to abandon this.
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Figure 5. Second all-sky camera, identical optics and camera compared to the prototype camera, but smaller casing.

The goal is to cover The Netherlands (area 50.000 km2) with an optimized network of fireball cameras. As fireballs
penetrate rarely the atmosphere deeper than until 25 km before entering their dark flight phase we take as condition that
an object should be detectable at a height of 30 km, and should never appear lower larger than 75˚ zenith angle in order
enable good astrometry (refraction). Table 3 lists the different options based on DSLR detector size and fisheye focal
length.
Table 3. Comparison of different fisheye lenses and sensor formats, covered area, the number of cameras for covering a total
area equal to The Netherlands in double station mode, resolution and expected average velocity error.
Focal length
[mm]

Camera

FoV

Covered area
[km2]

# Cams

Resolution
[arcmin]*

Typical velocity
error [%]*

4.5

APS-C

180˚ circular

50142

3

1,9

0,25

8

APS-C

180˚ diagonal

18062

6

1,1

0,14

16

Full frame

180˚ diagonal

12516

8

0,8

0,07

8

Full frame

180˚ circular

50142

3

1,6

0,14

•

for 20 Mpxl sensor.

The best astrometry is possible with cameras of 16mm focal length in a network of at least 8 cameras in which each point
in the atmosphere is covered by at least two stations. Figure 6 gives an example of a possible camera distribution, which
covers over 95% of the Dutch territory and which is based on 9 cameras. The plot is made for the requirement that
meteors appear not above 75˚ zenith angle when at 30 km altitude, as defined above, but at larger altitudes (~80-60km
for the start point of most fireballs), the coverage improves dramatically. The distribution of stations is chosen such that
meteor events can be captured from different azimuth angles, which maximizes the accuracy of the calculated
atmospheric trajectory.
8-9 stations is a realistic number for the proposed network: 5 cameras can be part of the currently rolled-out ASSN
network21, 3 others by modification of existing stations.
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Figure 6. One possibility for distribution of f/16mm fisheye cameras over the Netherlands. Dark grey colored areas indicate
coverage by only 1 station, insufficient for triangulation and computation of the meteor orbit; lighter gray areas indicate
coverage by at least two stations. Each camera field follows from the requirement to capture meteors not above 75˚ zenith
angle when at 30km altitude.

6.1 Conclusions
This paper described the development of a low-cost, high-resolution, remote and automatic all-sky fireball monitoring
station, which turns out to work satisfactory, without maintenance and with performance as predicted. The accuracy can
be further improved by changing to larger format cameras (full frame DSLR) and longer focal length (f/16mm), ~ a
factor of 10 better than current cameras. A number of 8-9 of these cameras can cover the entire Netherlands, which helps
in reducing the search area in case of meteorite droppings and improves the accuracy of the associated orbit.
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