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Fast Photometric Imaging Using
Orthogonal Linear Arrays

Robert Marshall, Student Member, IEEE, Robert Newsome, Student Member, IEEE, and Umran Inan, Fellow, IEEE

Abstract A new optical instrument has been developed that
captures 2-D images at high speed and high sensitivity using 1-D
photomultiplier tube arrays. The arrays are orthogonally aligned,
and using a coaligned video-speed imager, fast images can be
reconstructed using matrix inversion techniques. The instrument
can be used to make measurements of optical signatures of ener-
getic electron precipitation induced by discrete waves (e.g., light-
ning discharges and very-low-frequency transmitter pulses), as
well as measurements of high-speed high-altitude glow discharges
in the upper atmosphere known as sprites, halos, and elves. In
this paper, we introduce the instrument and present some rst
results of sprites and elves, and we discuss how the instrument can
improve upon current observations in other experiments.
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l. INTRODUCTION

IGH-SPEED imaging at low light levels has advanced
with great leaps in the past few years, with cameras
capable of recording below the naked-eye threshold at frame
rates of up to 10000 frames per second (fps) and at megapixel
resolution [1]. However, these systems still cannot image at
very low light levels at high frame rates, and their use for
continuous imaging is limited by the short buffers (often less
than 1 s) due to the high data volume and finite readout time.
A number of scientific applications require low-light-level
imaging with a higher frame rate than what charge-coupled
device (CCD) cameras can currently provide. The particular
topics of interest to us here are imaging of optical signatures
of precipitation of electron radiation in the ionosphere [2],
imaging of high-frequency (HF) heater-induced F-region air-
glow [3], and imaging of transient luminous events such as
sprites, jets, and elves [4]-[6]. The former requires very-low-
light imaging, as the expected emissions are on the order of
108 photons/cm?/str/s (100 R) or lower, but does not require
great resolution as the emissions are expected to have little
structure over kilometer scales, nor does it require time reso-
lution better than a few samples per second. However, crude
determination (on  10-km scales) of lateral and altitude ex-
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tensions and the variation therein is important from the point of
view of understanding the physics of wave—particle interactions
that lead to such precipitation events.

The imaging of heater-induced airglow in the F-region
ionosphere requires high sensitivity, as the emissions can be as
low as a few rayleighs (10° photons/cm?/str/s) but are typi-
cally from tens to hundreds of rayleighs [3]. Due to these low
light levels, camera images require long integrations, typically

30 s, although recent developments in CCD imaging have
lowered the integration time to a few seconds. However, the
temporal development of emission regions in the ionosphere
likely develop faster than this, and imaging (albeit with crude
spatial resolution) at photomultiplier tube (PMT) sensitivities
would allow the observation of such dynamics.

Conversely, the imaging of sprites requires high time reso-
lution ( 10000 fps) and spatial resolution but at reasonable
light levels, perhaps as high as 10*® photons/cm?/str/s (1 GR)
or even higher [7]. However, even light levels of 1 GR some-
times require intensification at 10 000 fps, introducing phosphor
persistence effects, wavelength limitations, and further instru-
ment complications. Most importantly, extremely limited buffer
lengths prohibit continuous observations, allowing only trigger-
based measurements.

With these restrictions in mind, we introduce a new instru-
ment designed to take measurements of all three of the above
phenomena. This instrument, known as Photometric Imaging
of Precipitation of Electron Radiation (PIPER), combines high
sensitivity (noise level of 1 R at 100 fps), high time resolution
(up to 25000 fps), and continuous recording (no buffering)
with relatively limited spatial resolution (16 16 pixels).
Furthermore, the instrument can simultaneously image at mul-
tiple wavelengths or bands, using either narrow-band optical
interference filters or broadband filters.

Il. PIPER INSTRUMENT

The PIPER instrument aims to combine high speed, high sen-
sitivity, and continuous recording with some spatial resolution
in a single imaging instrument. The heart of the instrument con-
sists of two or more Hamamatsu R5900U-L16-20 PMT arrays,
combined in pairs. Using pairs of rotated multianode PMTs,
their 1-D spatial resolutions can be combined and reconstructed
into 2-D images; the reconstruction procedure is described in
detail in [8].

The software that controls the instrument runs entirely in
Windows and is easily remotely operated through an Internet
port. We use Windows Remote Desktop through a virtual
private network for security. Controllable features include

0196-2892/$25.00 © 2008 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 9, 2009 at 16:40 from IEEE Xplore. Restrictions apply.



3886

1 1) 11 9y
Y

Fig. 1. PIPER and its main components. (a) Complete instrument as viewed
from the front. (b) One of the four electronic filter cards that reside inside the
box. (c) Power supply card. (d) View inside front, showing shutters and lenses.
(e) View inside back, showing wiring and power supply card. Filter cards are
stacked under the power supply card.

pointing, power, and all recording parameters, including the
schedule, the sampling frequency, and so forth.

Fig. 1 shows the instrument and some of its constituent parts.
The various features of the PIPER instrument are discussed in
the sections below and its functional block diagram is shown
in Fig. 2.

A. Optics and Photometers

The instrument primarily consists of four 16-channel mul-
tianode PMT arrays, Hamamatsu part number R5900U-L16-
20. These are the same PMTs used in [9] for sprite and elve
observations. These PMTs have a response from 185 to 900 nm,
covering the extended red emissions in the N, first-positive
(1P) band system of molecular nitrogen. The arrays are used
in pairs; each pair is filtered at a different wavelength. For
sprite imaging, one pair is filtered using a 650-nm longpass
optical filter, covering the N, 1P emission band system, and
the other pair is filtered from 300 to 450 nm, covering the N3
first-negative (1N) emission band system. For airglow and pre-
cipitation studies, the filters used are 10-nm bandwidth filters
centered at 630.0- (atomic oxygen), 557.7- (atomic oxygen), or
427.8-nm (N5 1N) primary low-energy emissions in the upper
atmosphere.

Each PMT element has an active area of 0.8 mm 16 mm,
with 0.2 mm between each element, yielding a square 16 mm
16 mm array. Within each pair of PMTs, the arrays are rotated
90 with respect to each other so that one array measures
vertical stratification, while the other measures horizontal strat-
ification. The combination of the two will be discussed later.

These PMTs were chosen: 1) because of the square active
area and 2) because no multianode PMTs are currently available
in a square 2-D array with better than 4 4 pixel resolution
and a response above 650 nm. This extended red response is
necessary for sprite imaging, as sprites primarily emit in the N,
1P band system, which extends from 650 nm up to near 1 m.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 11, NOVEMBER 2008

Incoming photons Photodinds
l' Switch
20ptical Shutters e
¥
PMT Detectors <_
Shutter Controller

v | A

Electronic Filters

:

Main Power

1

Y Remote Power Switch (RPS)

Data Acquisition (DAQ)

f

Control Software (RPS, DAQ)

—

Fig. 2. PIPER functional block diagram. (Red arrows) Signal data path.
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Fig. 3. PIPER optical components.

Outside the filters, the PMTs are outfitted with Unib-
litz CS45 electronic shutters for light protection during day-
time and periods of bright light. The shutters are controlled
through a power switch for day/night operation and through
a photodiode switching circuit, which responds to intense
light. The photodiode switch uses a simple comparator, with
hysteresis, to determine if the ambient light level is above
the acceptable calibrated threshold. Upon detection of bright
light, a 5-V logic pulse is sent to the shutter controller,
which then closes the shutters. The configuration is shown
in Fig. 3.
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Between the optical filter and the active area of each PMT is
a standard 50-mm F/1.4 Canon camera lens. Given the 16-mm
active area and the 50-mm focal length of the lens, this yields
a 18 square field of view of each array. This was designed
to measure 0-100-km altitudes at a range of 500 km, for
measuring sprites and gigantic jets [5]. The optical filters are
interference filters, meaning that their transmitted wavelength
is a function of the incident angle, with the center wavelength
changing according to

172
= o1 2 sin2() &)
n

where ng is the index of refraction of the external medium (air),
n is the index of refraction of the filter glass (typically n =
2.05 for narrow-band filters), and is the angle of incidence
of a given ray. Thus, we determine that with an 18 field of
view, the maximum angle of incidence is =9 , and a 10-nm
bandwidth filter is the narrowest bandwidth allowable for this
lens arrangement. Alternatively, for a wider field of view,
telecentric optics could be used to collimate the incoming rays
before filtering.

The optics are fitted together with custom aluminum tubes,
precisely machined at Stanford. The lens attaches to a tube of
precise length, which leaves the lens at the effective focal length
distance to the PMT to a tolerance of —0.5 mm. There is a
space between the anodes of the PMT of 0.2 mm, so the error
in the focal length has no effect on the focus. A second custom
aluminum piece threads to the front of the lens and holds the
optical filter and shutter. Both pieces are black-anodized to
minimize reflections.

B. Electronics

The PMTs are powered by a Hamamatsu C4900 power
supply, which takes a 15-V input and outputs from 100 to

1200 V at currents of 1 A. The specific high voltage
sets the “gain” of the PMT and can be controlled with either
a potentiometer or a 0-5-V input. In its present configuration,
the PIPER system uses potentiometers for each power supply,
but future upgrades will include a software-controlled micro-
controller with dc power output to control the gain voltage.

The PMT elements convert photons to current, and these
currents are output on 16 coaxial lines and are immediately
input into transimpedance amplifiers with 1-M  impedance.
The outputs of these amplifiers are fed to an eight-pole
Chebyshev antialias filter with a low-pass cutoff at 1200 Hz
or 12 kHz, depending on the application [the data acquisition
(DAQ) software can record at 2500 samples per second per
channel (S/s/ch) or 25 kS/s/ch—see Section II]. All of this
filtering takes place within the PIPER instrument, immediately
adjacent to the PMTs. The output of these antialias filters is then
fed along shielded cables to the DAQ system.

C. Housing and Peripherals

The primary concern with the housing of the PIPER system
is waterproofing—the system is deployed outside and is subject
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Fig. 4. PIPER deployed in the Pyrenees mountains in France in July 2007.

to weather variations. In some locations, snow, ice, and/or hail
may also be a concern. Fig. 4 shows an example of effective
waterproofing of PIPER in the Pyrenees mountains in France
during July 2007.

No commercially available weatherproof housings exist that
will fit four Canon 50-mm lenses, and so a custom housing
was built at Stanford. The housing is constructed from 3/8-in
ABS plastic, and the front window is 3/16-in P99 acrylic,
which has 92% transmission at optical wavelengths. The four
walls of the housing container are sealed with latex sealant;
the top and the front window are sealed using foam weath-
erstrip. All connectors are Amphenol weatherproof industrial
connectors.

1) CCD Camera: The PIPER image reconstruction algo-
rithm requires a low-speed high-resolution image to operate
with any accuracy. As such, PIPER is deployed with a CCD
camera coaligned (see Fig. 4—the CCD camera is housed in
the smaller box that is partially visible). We use a Watec 902H3
CCD camera, which has a minimum illumination of 0.0002 Ix
(equivalent to a moonless overcast night sky), and a Pentax f/1.2
6-mm lens. This camera has a 1/3-in diagonal CCD chip with
768 494 pixels and a pixel size of 6.35 m 7.40 m. The
camera is contained in its own waterproof housing. The camera
video signal is input to the same computer via a universal-
serial-bus capture device, and recordings are made using the
“UFOCapture” software. This software allows the user to trig-
ger video recordings from user-specified intensity changes over
a user-specified partial area of the field of view and/or to record
at specified intervals (i.e., 1-s video every 15 min).

2) Pan/Tilt Control: Remote pointing of the instrument is
achieved with a Quickset QPT90-IC pan/tilt unit. This is a
fully waterproof motorized pan/tilt with RS-232 control and
positional repeatability to an accuracy of 0.25 . This unit is
supplied with Windows control software, which is easily re-
motely operated. The software additionally allows us to pro-
gram preset positions and easily moves to those positions; this
has proven useful, for instance, in cases when we know where
to expect electron precipitation under particular geomagnetic
conditions.
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Fig. 5. Perth experiment in April 2006. (Left) Model predictions of optical emissions (557.7-nm oxygen line) due to electron precipitation. The camera view

from Perth shows the integrated emissions through a 3-D emitting region; the top view shows what a satellite would see. (Right) Data from the experiment, from
both cameras, and from PIPER. PIPER data are an average over the 16 channels to compare similar fields of view with the camera. The 570.0-nm measurement is
made as a background reference. Variations in the 560.0-nm intensity that do not appear at 570.0 nm show natural emissions from atomic oxygen. Bottom panels
show a zoomed-in view of the data, demonstrating the time resolution of PIPER compared to these sensitive cameras. The red dashed lines show a time period
when the NWC transmitter turned off briefly for maintenance; during this time, we expect a reduction in emissions due to the “turning off” of precipitation, but

no such signature is seen.

D. RPS

A remote power switch (RPS) is used to turn the system on
and off at desired times, without the necessity of an operator.
The hardware is a Western Telematic, Inc., RPS-10, capable of
switching up to 15 A at 120 VAC through simple American
Standard Code for Information Interchange commands. The
power switch is used to control power to the PMT arrays and
electronic filters and to the Uniblitz shutters, which means that
the shutters are forced closed when the power is switched off.

IIl. SOFTWARE

DAQ and storage is achieved using C++ software devel-
oped at Stanford. The software has many application-specific
features, including support for remote operation, in that the
software must continue to operate unmanned for months. It can
operate without user oversight for long periods of time, auto-
matically recovering in the event of operating-system-induced
reboots or power outages. To readily access data, a specified
amount of data is sent back to a server at Stanford via FTP
at specified times of the day, usually when the system is not
recording (daytime). To reduce traffic, the full 25-kS/s/ch data
are filtered and resampled to a lower rate (50 S/s/ch) in real
time, and only these lower resolution data are sent back. The
FTP transfer also allows a method of verifying, from Stanford,
that the system is normally operating.

As mentioned earlier, the software can record at 2500 S/s/ch
or 25 kS/s/ch, and switching between the two modes can be
remotely done in a few seconds. When recording is made at

2500 S/s/ch (for airglow or precipitation studies), samples are
actually taken at the full resolution of 25 kS/s/ch, then digitally
filtered, and downsampled in real time. This process prevents
aliasing and improves the SNR over the full-resolution data.
Additionally, in both modes, data are low-pass filtered for an-
tialiasing and resampled to 50 S/s/ch. These low-resolution data
can be sent to Stanford via FTP as mentioned earlier, allows
for easy viewing of data from an entire day (at 2500 S/s/ch
over 64 channels, 8 h of data still accumulates 4.6 GB of
data), and is often sufficient for scientific purposes (for instance,
in precipitation studies, where 2-5-s periodic variations in
intensity are of interest).

A. Other Software

The RPS unit is controlled by another C++ software program
developed at Stanford. This software enables simple on/off
capability through buttons, as well as scheduling on/off events
at specified times. A text file is provided with on/off times each
day for a year; the software reads the file and locates the next
event based on the computer clock (synchronized to an Internet
time service in GMT). The software also automatically starts
upon reboot so that the system is not accidentally left on in the
case of a computer restart.

IV. PIPER DEPLOYMENTS

Versions of the PIPER instrument have been deployed sev-
eral times during the past two years. The first full experiment
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using the instrument in its completed state occurred at the
Perth Observatory near Perth, Australia. Perth is 1200 km
south of the North West Cape (NWC) very-low-frequency
(VLF) transmitter, operated by the U.S. Navy. This transmitter
radiates 1 MW at 19.8 kHz. The transmitter is known to
produce precipitation due to the small amount of wave energy
that leaks into the Earth’s magnetosphere, causing pitch-angle
scattering of radiation belt electrons [10]. As they impinge on
the increasingly thicker upper atmosphere, these precipitating
electrons are expected to produce a few hundred rayleighs of
optical emissions, depending on geomagnetic conditions, as
shown in Fig. 5. The predicted precipitating fluxes in Fig. 5 are
calculated using the ray-tracing methodology described in [11],
adapted for ground-based transmitters in [12]; the secondary
ionization and the optical emissions shown are calculated via
the Monte Carlo methods described in [13].

For our experiment, PIPER was taken to Perth along with
two high-sensitivity Roper Scientific cameras. These cameras
record 30-s integrated images at very low light levels, thanks
to CCD cooling down to 40 C. Fig. 5 shows camera traces
next to PIPER photometric traces averaged down to 1 Hz,
for one of a handful of times during the two-week-long 2006
experiment that the NWC transmitter briefly turned off. The
PIPER PMTs were filtered at 560.0 and 570.0 nm, with 10-nm
bandwidths, to catch the 557.7-nm atomic oxygen emission line
and a “background” measurement near in wavelength. During
this experiment, no verifiable signatures of precipitation were
observed, since the transmitter was continuously operating
most of the time. Nevertheless, the comparison quantifies the
sensitivity of the PIPER instrument compared to these low-light
cameras. Note that the transmitter-OFF period shown is less
than the camera integration time of 30 s, so it is unlikely that the
camera would be able to see the result. In future experiments,
it is desirable that the transmitter be turned on and off with a
prescribed pattern (e.g., 5-s ON and 5-s OFF) so that evidence
for such periodicity can be extracted in postprocessing using
superposed epoch and/or long-time integrated spectral analy-
sis methods, which have been used for subionospheric VLF
sensing of such periodic precipitation [14], [15]. When pre-
cipitation signatures are detectable, PIPER can provide a 2-D
structure for each of the wavelength bands observed, and these
variations can be compared with the predictions shown at the
top left of Fig. 5.

The PIPER instrument has also been deployed at the High-
Frequency Active Auroral Research Program (HAARP) fa-
cility in Gakona, AK, numerous times for both airglow and
precipitation measurements. In the latter case, precipitation is
expected to be caused by extremely low frequency (ELF)/VLF
signals injected into the magnetosphere by the HAARP heater
or by natural ELF/VLF chorus emissions [16]. For airglow
experiments, the heater directly heats the F-region ionosphere,
resulting in optical emissions. The heater operates at HF ra-
dio frequencies (2.7-10 MHz) and radiates a vertical beam.
This HF radiation is either directly turned on and off (for
airglow experiments) or modulated at ELF frequencies of a
few kilohertz and turned on and off (for precipitation studies).
Four experimental campaigns have been run using the PIPER
instrument since January 2006. Fig. 6 shows example data from
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Fig. 6. Example data from the HAARP facility in Gakona, AK. (Top panel)
Green-filtered (557.7-nm) emissions, averaged over 16 channels in one PMT.
(Lower panel) 16 channels averaged from a blue-filtered (427.8-nm) PMT. The
top two panels are 60 min of data, and the lower two panels are a 10-min zoom.
Notice the rapid  30-s variations in the green-line natural aurora, which would
not be observed by a 30-s integrating camera.

a recent campaign in January 2008. The example shows data
from the 16 channels of one PMT of each emission line (427.8
and 557.7 nm, which are shown in blue and green, respectively),
averaged into one time series. In the lower two plots, the data
are zoomed in to a half-hour period, wherein rapid ( 30-s
period) oscillations of the green line signal are seen; these
would not be observed by typical cameras used for airglow with
30-s integrations. Although evidence of precipitation produced
by HAARP-generated ELF/VLF signals has not yet been seen
from these experiments, this example shows weak natural auro-
ral emissions in the green line, far below intensities visible with
the naked eye, with a time resolution that cannot be observed
by CCD cameras.

For artificial airglow experiments at HAARP, PIPER has the
capability to answer questions about the spatial-temporal de-
velopment of optical emissions. In [17], the authors noticed an
interesting 2-D structure to the green-line (557.7-nm) emissions
(see [17, Fig. 2]) and attributed it to “trapping of the HF wave
by large-scale (15 km) F region irregularities.” However, the
images taken had a 30-s integration; when one considers the

0.7-s lifetime [3] of these emissions, the evolution of this
structure over the duration of the HAARP pulse should prove to
be very dynamic. The PIPER photometer array is ideally suited
to image such structures with better than 1-s resolution. Recent
and future experiments have been designed to investigate the
time evolution of optical emissions.
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