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Abstract

Calculating meteoroid masses from photometric observations relies on prior knowledge of the luminous efficiency, a parameter
that is not well characterized; reported values vary by several orders of magnitude. We present results from an experimental
campaign to determine the luminous efficiency as a function of mass, velocity, and composition. Using a linear electrostatic dust
accelerator, iron and aluminum microparticles were accelerated to 10+ km/s and ablated, and the light production measured.
The luminous efficiency of each event was calculated and functional forms fit for each species. For both materials, the luminous
efficiency is lowest at low velocities, rises sharply, then falls as velocity increases. However, the exact shape and magnitude
of the curve is not consistent between the materials. The difference between the luminous efficiencies for iron and aluminum,
particularly at high velocities, indicates that it is not sufficient to use the same luminous efficiency for all compositions and

velocities.
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Key Points:

« Laboratory ablation experiments were performed to characterize luminous efficien-
cies for iron and aluminum at velocities greater than 10 km/s

« FEmpirical curve fits are derived to relate the luminous efficiency and particle ve-
locity for both species

 Differences in iron and aluminum results indicate that the luminous efficiency varies
with composition
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Abstract

Calculating meteoroid masses from photometric observations relies on prior knowledge

of the luminous efficiency, a parameter that is not well characterized; reported values vary
by several orders of magnitude. We present results from an experimental campaign to
determine the luminous efficiency as a function of mass, velocity, and composition. Us-
ing a linear electrostatic dust accelerator, iron and aluminum microparticles were accel-
erated to 10+ km/s and ablated, and the light production measured. The luminous ef-
ficiency of each event was calculated and functional forms fit for each species. For both
materials, the luminous efficiency is lowest at low velocities, rises sharply, then falls as
velocity increases. However, the exact shape and magnitude of the curve is not consis-
tent between the materials. The difference between the luminous efficiencies for iron and
aluminum, particularly at high velocities, indicates that it is not sufficient to use the same
luminous efficiency for all compositions and velocities.

Plain Language Summary

Material left behind by meteoroids and interplanetary dust particles entering Earth’s
atmosphere are important drivers of atmospheric phenomena and chemistry. There is
large spread in estimates of the total meteoric mass input, in part due to uncertainty in
several key parameters that are required to make mass estimates of individual particles.
This work presents an experimental campaign to characterize one such parameter, the
luminous efficiency, in a laboratory setting. The luminous efficiency describes the amount
of a meteoroid’s kinetic energy that is converted into light energy; large uncertainty in
historical measurements of the luminous efficiency directly correspond to large uncer-
tainties in mass estimates made from optical observations. The results show that there
is significant variation in the luminous efficiency as a function of both particle velocity
and composition, indicating that relying on a single value for the luminous efficiency is
not sufficient in all cases.

1 Introduction

Meteoroids and interplanetary dust are the main sources of metal input into the
atmosphere. The amount of injected meteoric material has significant consequences for
the atmosphere both in terms of composition, chemistry and the formation of metal lay-
ers and noctilucent clouds, and for our understanding of vertical transport and the dis-
tribution of dust in the solar system (Plane, 2012). However, there is wide variation in
estimates of the total mass input from meteoroids and dust depending on the measure-
ment technique. Even studies using the same technique can produce large variation in
the resulting estimate, due to differences in assumptions and analysis process (e.g. Math-
ews et al., 2001; Dyrud et al., 2004; Bland et al., 1996).

Optical cameras provide a relatively cheap and easily deployed method for meteor
observation. Many all-sky camera networks have been developed to detect meteors over
relatively large regions (e.g., Brown et al., 2010; Vida et al., 2021; Spurny & Borovicka,
2002). By employing multiple cameras, it is possible to determine the location and ve-
locity of the meteoroid and to measure the light output. In general, optical observations
are made in a limited spectral band; in order to consider the total energy emitted, one
must convert between the brightness in the measured band and the absolute luminos-
ity (Ceplecha et al., 1998). This conversion is complicated by the lack of composition
information available for the vast majority of observed meteors.

Photometric masses are calculated by relating luminosity (L) to the change in the
meteoroid’s kinetic energy (Fj) (Equation 1). The parameter relating the two is called
the luminous efficiency (7), which describes the fraction of the kinetic energy that is con-
verted into light energy. As both the particle mass (m) and deceleration (dv/dt) are as-
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sumed to be relatively small, the second term in Equation 1 is frequently considered to
be small compared to the first term and has historically been neglected (e.g. Ceplecha
(1966); Campbell-Brown et al. (2012)). Of the remaining terms, the luminosity and ve-
locity are readily measurable by optical cameras.
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Since the mass and the luminous efficiency cannot be simultaneously measured by

a single observation, photometric mass estimates depend on accurate prior knowledge

of 7. However, estimates of the luminous efficiency, determined through observation, ex-
periment, or theoretical analysis, are subject to large variation (Subasinghe & Campbell-
Brown, 2018). The dependence of 7 on velocity, composition, ablation altitude, parti-
cle mass, or any number of other parameters is not well known. In the absence of a con-
sensus on the functional form of 7, a constant value, usually on the order of 1%, is some-
times used (Campbell-Brown, M. D. & Koschny, D., 2004).

This work will focus on an experimental method for determining 7 in the labora-
tory. Laboratory experiments investigating the luminous efficiency of meteors were first
performed in the 1970s (Becker & Friichtenicht, 1971; Becker & Slattery, 1973). These
experiments simulated ablation by accelerating microparticles into pressurized chambers
and observing the resulting light output. However, hardware constraints restricted the
apparatus to a single-channel detector and limited the number of observed particles. The
authors note that due to these limitations their goal was to observe possible trends rather
than to measure 7 precisely; therefore these studies reported only averaged results with-
out error quantification and did not determine a functional form.

Further experiments using dust accelerators to investigate 7 have not been performed
since. This work presents an updated optical apparatus to be used with a dust accel-
erator to simulate ablation in the laboratory (Section 2). Iron and aluminum particles
were accelerated to meteoric speeds and ablated, and the emitted optical signals recorded
(Section 3). The resulting estimates and functional forms for 7 for each species are re-
ported (Section 4) and discussed in the context of previous work (Section 5).

2 Methodology

This experimental campaign was conducted at the University of Colorado’s IMPACT
laboratory, utilizing a 3 MV linear electrostatic dust accelerator, which accelerates mi-
cron and sub-micron charged dust grains to velocities ranging from 0.3 to 120 km/s (Shu
et al., 2012). Accelerated particles pass uninterrupted through charge detectors (QD)
connected to charge sensitive amplifiers. When an accelerated dust particle passes through
the QD, an image charge equal and opposite to the particle’s charge is induced on the
detector. This measured charge and precise QD detector length allows for accurate ve-
locity, mass, and radius calculations. Particle velocity measurements are calculated with
a typical uncertainty of 0.06% (James et al., 2020). An electrostatic gate actuated by
an FPGA allows for down-selection of desired particle velocities. Only dust particles with
a velocity > 10 km/s were selected and allowed to enter the ablation chamber.

Thomas et al. (2017) developed a pressurized chamber to be fitted to the end of
the accelerator beam line. Dust particles that enter the chamber heat and ablate, sim-
ulating a meteoroid in the upper atmosphere. Internal pressure is adjustable between
0.01 and 0.5 Torr. The chamber is fitted with four quartz windows arrayed along its length
to allow for optical measurements. Additionally, an apparatus consisting of biased elec-
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Figure 1. Schematic of the front half of the ablation chamber. Particles enter the pressurized
chamber, where they begin to ablate. Photons emitted during ablation exit the chamber through
one of four windows and are focused by lenses onto PMTs. The collecting area of each PMT is

divided vertically into 16 pixels.

trodes placed at the top and bottom of the chamber connected to an array of charge sen-
sitive amplifiers (CSAs) can be placed in the chamber to measure ionization during ab-
lation. The chamber is 41 c¢m in length; a 20 km/s particle travels the length of the cham-
ber in 20 ps. For this experiment, the chamber was pressurized with ambient air held

at 100 mTorr.

The CSA apparatus was used to measure the ionization efficiency of iron and alu-
minum at meteoric speeds (Thomas et al., 2016; DeLuca et al., 2018). The ionization
efficiency (8) characterizes the number of ions produced per ablated atom, on average.

B is a critical parameter for determining meteor masses from radar observations (Stober
et al., 2011; Tarnecki et al., 2021). DeLuca et al. (2018) also made rudimentary measure-
ments of the light output by covering the chamber windows with slit apertures and at-
taching photomultiplier tubes (PMTs) to each window; however, very few photons were
measured (on the order of tens of photons per event), and a conclusive measurement of
the luminous efficiency was not made.

Figure 1 shows a schematic of the ablation chamber and the optical system used
in this work. A 16 channel PMT (Hamamatsu H11459) is fitted to each of the four win-
dows on the ablation chamber. A 25 mm asphere lens with a focal length of 17.5 mm
is mounted between the PMT and the window; the lens collects and focuses the emit-
ted photons, increasing the sensitivity of the system over the slit used by DeLuca et al.
(2018). The collecting surface of the PMT is split in one direction into 16 0.8x16 mm
channels; the PMT is positioned such that the long dimension of the pixels is perpen-
dicular to the particle path. This arrangement provides spatial information on a channel-
to-channel basis, as well as between successive PMTs. The signal output from the PMTs
is sampled at 100 MHz on each channel by 14-bit AlazarTech ATS9416 digitizers.

The PMTs are sensitive to photons with wavelengths 300-920 nm. The quantum
efficiency (QE) ranges from 4-20%, with peak efficiency at 600 nm. Each PMT channel
is calibrated individually using a tungsten-halogen low brightness source (380-1068 nm).
This process results in an empirical relationship between incident photon flux across these
wavelengths and PMT response for each channel, accounting for variation in sensitiv-
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Figure 2. Particle mass as a function of velocity for iron (left) and aluminum (right) particles

with detected optical signals.

141 ity and gain. The PMTs are operated in the linear region. The calibration relationship
142 is applied during data processing to convert the measured voltages into photon fluxes.

143 3 Data and Analysis

144 Data were collected over 14 days (6 days with iron dust, 8 with aluminum) in June
145 2021 and February 2022. The ablation chamber was pressurized to 100 mTorr. A total
146 of 17193 iron and 7570 aluminum particles were shot, of which 804 and 428 produced

147 observable optical signals, respectively. The mass and velocity of each observed parti-
148 cle are shown in Figure 2. Particle mass and velocity are coupled due to the accelera-
149 tion mechanism, so in general more massive particles have lower velocities. The major-

150 ity of the particles have velocities of 10 — 40 km/s and masses of 1078 — 10716 kg.

151 For each event, 1 ms of data is recorded with 100 MS/s resolution on each PMT
152 channel. An example event is shown in Figure 3. Each curve shows the raw output volt-
153 age from a single channel, spaced so that channels at the entrance of the chamber are
154 at the bottom and channels at the end are at the top. An ablating particle produces a
155 signal 5-20 mV above the background noise level. Small spikes outside the main abla-
156 tion peaks correspond to dark counts or spurious photons entering the PMTs. On a sin-
157 gle channel, the ablation signal appears as a jagged increase in voltage 1-3 us wide. If
158 one were to draw a line between the centers of these increases on Figure 3, the slope of
159 the line would be related to the particle’s velocity. We find general agreement between
160 the velocities determined by the QD system and calculated from optical signals. Bend-
161 ing of the curve away from a straight line indicates that the particle is decelerating.

162 The steps to calculate the luminous efficiency of a single particle are as follows:

163 1. Isolate the event, reducing the data to a 200 us window centered on the event.

164 2. Subtract the background noise.

165 3. Use the empirical calibration relationship to convert voltages to incident photon
166 flux.
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Figure 3. Example of a single ablation event; the right panel shows a zoomed in view of the
event. Each horizontal line represents data from one PMT channel, with a 50 mV offset between
successive channels. The data are arrayed such that channel nearest the front of the chamber is
at the bottom of the plot, and the last channel is at the top. The peaks beginning at about 270
us correspond to photons emitted during ablation; other small peaks are dark counts or spurious

photons. The particle exhibits some deceleration, represented by the changing slope of the peaks.

4. Calculate the total number of emitted photons, integrating photon flux for each
channel and summing channel totals.

5. Calculate the event luminosity, assuming a mean photon wavelength.

6. Calculate the luminous efficiency using Equation 1.

Mapping between the number of detected and emitted photons requires several con-
siderations. The signal is attenuated by transmission through the lens and the quartz
chamber windows. Additionally, the solid angle of the detector changes based on the point
of emission. We assume the particle emits isotropically, scale by the solid angle of the
detecting pixel, and account for transmission losses.

A characteristic wavelength for each species (374 nm for iron particles or 396 nm
for aluminum particles) is chosen to perform the conversion between photon count and
luminosity. These wavelengths correspond with the peak wavelengths in the iron and alu-
minum emission spectra (Nave et al., 1994; Kaufman & Martin, 1991). The luminous
efficiency is directly proportional to the assumed photon energy, so any variation in the
characteristic wavelength scales the luminous efficiency accordingly. It is not currently
well known whether the photons emitted during ablation primarily follow the emission
spectrum of the meteoroid material or the surrounding gas. Further studies are required
to more correctly capture this behaviour.

In many previous studies, deceleration has been neglected by considering only the
first term of Equation 1. In our analysis, we modify Equation 1 in step 6 above by in-
tegrating both sides. By considering the total kinetic energy rather than %, we do not
neglect the change in energy due to deceleration. The consequence of applying this method
is that 7 is treated as a constant for a single event.
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Figure 4. Luminous efficiency results for the iron campaign, plotted against velocity (left)
and mass (right). Each blue point represents the luminous efficiency calculated for a single dust
particle; shaded blue regions correspond to the uncertainty in velocity, mass, and luminous ef-
ficiency. The black dashed line is the best-fit to the data (Equation 2); the shaded grey region
corresponds to the RMSE of 0.47.

At each step in this analysis process we propagate errors due to uncertainty in the
particle mass and velocity and the voltage-photon flux calibration relationship. In this
fashion, an estimate of the luminous efficiency and the associated uncertainty are cal-
culated for each observed event. At this point, events are classified by several quality met-
rics; only events that completely ablate in the chamber are included in the following anal-
ysis.

4 Results

After eliminating events that did not fully ablate, 452 iron and 368 aluminum events
remained. Figures 4 and 5 show the luminous efficiencies calculated for each dust par-
ticle that ablated completely in the chamber and the associated uncertainties as a func-
tion of initial particle velocity and mass, for iron and aluminum respectively. All events
have velocities from 10-50 km/s.

Both sets of data share a general trend with other estimates of the luminous effi-
ciency; as a function of velocity, the luminous efficiency is very low at velocities less than
12 or 13 km/s, then rises sharply to around 1% by about 15 km/s. However, the aluminum
and the iron results differ significantly from each other in shape and magnitude, espe-
cially at higher velocities. The iron curve approximately plateaus above 15 km/s, with
a slight peak around 25 km/s. In contrast, the aluminum curve peaks sharply just be-
fore 15 km/s, then turns around and decreases with increasing velocity. The two results
differ by up to a factor of five in the 10-15 km/s and 254+ km/s regimes. The iron data
also show significantly more spread than the aluminum data. Increased noise and detec-
tion of spurious photons during the iron collection campaign could contribute to this spread;
however, the results do not significantly change when only low-noise iron events are con-
sidered in the analysis. In both cases, the 10-15 km/s velocity range shows the great-
est variation, with points spread over 4 orders of magnitude in 7.

As described in Section 3, dust particle mass and velocity are coupled in this ex-
periment. Therefore, the trends with velocity seen in the left panels of Figures 4 and 5
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Figure 5. Luminous efficiency results for the aluminum campaign, plotted against velocity
(left) and mass (right). Each blue point represents the luminous efficiency calculated for a single
dust particle; shaded blue regions correspond to the uncertainty in velocity, mass, and luminous
efficiency. The black dashed line is the best-fit to the data (Equation 3); the shaded grey region
corresponds to the RMSE of 0.31.

are necessarily also trends with mass (e.g. particles with high velocity also have low masses).
The right panels in Figures 4 and 5 show luminous efficiency plotted against mass. These
results do not show any clear relationship, indicating that the trends are indeed with ve-
locity rather than mass.

The functional form that performed best when applied to both sets of data is a ra-
tional fit with a second order polynomial in the numerator and a first order polynomial
in the denominator. The best-fit to the iron data is given by Equation 2. The RMSE
of the fit is 0.47 in log space; 0.5 corresponds to about a factor of 3.

0.019v2 + 0.89v + 5.0
41—

log T7pe =

The best-fit to the aluminum data is given by Equation 3. The RMSE of the fit
is 0.31 in log space, corresponding to about a factor of 2.

0.0350% + 0.84 — 7.6

83 —w 3)

IOgTAl =

In Equations 2 and 3, v is in units of km/s; 7 is in natural units, not a percentage.
The fits are plotted as dashed lines in Figures 4 and 5. These fits are empirical, and do
not necessarily give insight into the physics of the ablation process.

Thus far we have reported and discussed results as a function of velocity. Since ve-
locity and mass are coupled for particles shot by the accelerator, there is also a strong
trend with mass in these results. As lower mass particles are more likely to have higher
velocities, they also tend to have higher luminous efficiencies. This relationship cannot
be decoupled, given the constraints of this dataset.
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5 Discussion and Conclusions

To put these results in the context of previous work, we consult the summary plot
in Subasinghe and Campbell-Brown (2018) (Figure 9) for convenience. The iron fit (Equa-
tion 2) shares a similar form with many previous results; however, the fall-off to the left
of the peak value is steeper than is typical in other works. This corresponds to a more
significant “turn off” of ablation at sufficiently low speeds. Additionally, the plateau value
is slightly higher than most of the examples in Subasinghe and Campbell-Brown (2018).
In contrast, the aluminum fit (Equation 3) diverges significantly in form, exhibiting both
a sharper rise to the peak and subsequent steeper fall off. The aluminum fit decreases
by an order of magnitude from 13 km/s (the peak) to 40 km/s, behaviour that is not shared
by the iron fit or any of the examples in Subasinghe and Campbell-Brown (2018).

The classical model of ablation assumes that no mass is lost until the meteoroid
reaches the boiling point, at which point mass loss is proportional to v* (Campbell-Brown,
M. D. & Koschny, D., 2004). The boiling point of aluminum is lower than that of iron
by about 400°C (2862 and 2470°C, respectively). Therefore under the classical model,
one would expect the aluminum particles to begin ablating closer to the front of the cham-
ber than the iron particles. This is indeed the case in our data; in most cases, the alu-
minum particles show signs of ablation as soon as they enter the chamber, especially those
with high velocities, while the location at which the iron particles begin ablating is more
uniformly distributed over the first half of the chamber. However, at high velocities most
iron events also begin ablating near the front of the chamber.

During data collection, optical signals were detected from 2-10% of particles shot
by the accelerator. The low detection rate significantly increased the time required to
build up a representative dataset, and raises questions regarding why some particles pro-
duced optical signals and others did not. The ablation chamber is connected to the ac-
celerator by a small aperture, to maintain vacuum along the beam line. This aperture
rejects some portion of the dust particles with trajectories from the source to the cham-
ber aperture that are not exactly aligned. These rejections are not measureable, so we
cannot attribute the low detection rate to the rejection of the majority of particles; how-
ever, this phenomenon surely plays some role.

These results imply both that a constant luminous efficiency is not sufficient over
the full range of meteoric velocities, and that the luminous efficiency may not be invari-
able with composition in all cases. While aluminum is not typically a major component
of meteoroids, the distinct difference in the luminous efficiency results between iron and
aluminum sources shows that the composition of the ablating material significantly af-
fects the resulting luminous efficiency. The results also suggest that the luminous effi-
ciency can change by a factor of 5 or more between different species. Together, these trends
showcase the need for further studies investigating additional materials and extending
the range to higher velocities.

In addition to improved characterization of the luminous efficiency, the composi-
tion dependence of 7 also demonstrates the need for spectroscopic data in conjunction
with radar and optical meteor observations. An experiment is currently being developed
to modify the apparatus used in this experiment to study ablation spectra in the lab-
oratory, the results of which will be salient in interpreting observational spectra and give
insight into the ablation process.

6 Open Research

The luminous efficiency data and particle metadata are archived at doi.org/10.5281/zenodo.7569526.
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