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• Determine composition of the lunar 
atmosphere, investigate processes 
controlling distribution and variability - 
sources, sinks, and surface interactions. 

• Characterize lunar exospheric dust 
environment, measure spatial and temporal 
variability, and influence on the lunar 
atmosphere. 
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Meteoroid Sources

Barensten and Lefevre, 2006

Meteor Showers

Jones and Brown, 1993
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•  Maneuvers have been very accurate – no corrections needed 
•  Result: Good delta-V margins! 
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a > 0.3 

a > 0.7 
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Northern Taurids (NTa); Geminids (Gem); Quadrantids (Qua); Omicron Centaurids (oCe) 



Slope of Impact Charge Distribution vs. Time & Altitude

f(>q) ~ q-1

Nov
2013

Dec
2013

Jan
2014

Feb
2014

Mar
2014

Apr
2014

0

50

100

150

200

250
Al

tit
ud

e 
[k

m
]

-2.0

-1.9

-1.8

-1.7

-1.6

-1.5

C
ha

rg
e 

In
de

x

0.1 1.0 10.0 100.0
q [fC]

10-1
100

101

102

103

104

105

N
/q

 [f
C

-1
]

n(>m) ~ m-1



0 20 40 60 80 100 120
Altitude [km]

0

1

2

3

4

D
en

si
ty

 [1
0-3

 m
-3
]

 0.30

 0.60

 1.22

 2.46

 4.96

10.00

G
ra

in
 R

ad
iu

s 
[u

m
]

0 20 40 60 80 100 120
Altitude [km]

0

20

40

60

80

100

120

C
um

ul
at

iv
e 

M
as

s 
[k

g]

0 100 200 300 400 500 600
u [m/s]

0.00

0.02

0.04

0.06

f(u
)

a

b

c

Figure 3: Comparison of observed and modeled cloud properties. a, The dust density n(h) of

the lunar ejecta cloud as function of altitude and size (color code). The continuous black line shows

the model prediction10 using the parameters listed in Table 1. b, The cumulative dust mass in the

lunar exosphere. The continuous blue line shows the model prediction. c,The initial normalized vertical

velocity distribution f(u) calculated from n(h) using energy conservation. The continuous line shows

f(u) / u�3.4±0.1 matched to the data at u � 400 m/s (altitude h ' 50 km). Error bars were calculated

by propagating
p
N error through the various calculations, where N is the number of detected dust

impacts.
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Parameter Definition Value

mass distribution N+(> m) / m�↵ ↵ = 0.91± 0.003

smallest mass⇤ mmin 3 · 10�16 kg

largest mass⇤⇤ mmax 10�8 kg

speed distribution fu(u) / u�µ µ = 3.4± 0.1

minimum speed u0 130 m/s

maximum speed umax = 2 · vescape 4.8 km/s

impactor speed vimp 20 km/s

ratio of ejecta/impactor kinetic energy Ke/Ki 20%

ratio of ejecta/impactor mass Y 1000

initial velocity maximum cone angle  0 30�

⇤radius amin = 0.3 µm; ⇤⇤amax = 100 µm

Table 1: Parameters of the theoretical ejecta cloud model8 for the Moon. These parameters form a

consistent set, and are not independent from each other31.
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Figure 3: Comparison of observed and modeled cloud properties. a, The dust density n(h) of

the lunar ejecta cloud as function of altitude and size (color code). The continuous black line shows

the model prediction10 using the parameters listed in Table 1. b, The cumulative dust mass in the

lunar exosphere. The continuous blue line shows the model prediction. c,The initial normalized vertical

velocity distribution f(u) calculated from n(h) using energy conservation. The continuous line shows

f(u) / u�3.4±0.1 matched to the data at u � 400 m/s (altitude h ' 50 km). Error bars were calculated

by propagating
p
N error through the various calculations, where N is the number of detected dust

impacts.
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Figure 3: Comparison of observed and modeled cloud properties. a, The dust density n(h) of

the lunar ejecta cloud as function of altitude and size (color code). The continuous black line shows

the model prediction10 using the parameters listed in Table 1. b, The cumulative dust mass in the

lunar exosphere. The continuous blue line shows the model prediction. c,The initial normalized vertical

velocity distribution f(u) calculated from n(h) using energy conservation. The continuous line shows

f(u) / u�3.4±0.1 matched to the data at u � 400 m/s (altitude h ' 50 km). Error bars were calculated

by propagating
p
N error through the various calculations, where N is the number of detected dust

impacts.

16

MASS



Density (a > 0.3 μm)

0 5.0
Density [10-3 m-3]

D
ensity a > 0.7 µm

 

  0.0 km
 60.0 km
120.0 km
180.0 km

To Sun

LAD
EE

  0.0

  0.1

  0.2

  0.3

Density [10-3 m-3]
2.5

Density a > 0.3 µm 

  0.0 km
 40.0 km
 80.0 km
120.0 km
160.0 km
200.0 km

To Sun

LADEE

  0.0

  1.0

  2.0

  3.0

  4.0

  5.0

D
en

si
ty

 [1
0-3

 m
-3
]

LADEE



00:00 06:00 12:00 18:00 24:00
Local Time [hr]

0

200

400

600

800
F i

m
p [

10
-1

8  k
g 

m
-2
 s

-1
]

Average
Apr-14
Mar-14
Feb-14
Jan-14
Dec-13
Nov-13

AP HE AAAH

Mass Flux



M+ = 30Fimpm0.2v2.5 
(Koschny & Grun, 2001)
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Impact Rate
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Lunar Angular Response



Geminids Mass Production



Time series analysis  
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Table 1. Current Definitions

Current Definition

JN Nominal current, taken 9 of every 10 seconds

JS Switched current, taken 1 of every 10 seconds

JD Dust current, desired science quantity

J⌫ Photoelectron current

JH High energy ion current

JL Low energy ion current

J Residual, low energy current

D R A F T May 24, 2015, 9:08am D R A F T
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these will vary between the switched and un-switched (or nominal) periods. Hence, the79

di↵erence between these two signals taken every 10 seconds yields the residual, low-energy80

ion current, J = JN �JS,. The residual, low energy ions that LDEX measures come from81

either dust impacts, (JD, the desired quantity) or from low energy ions entering LDEX, JL.82

Low energy ions could come from a variety of sources, including back-scattered solar wind83

protons [Saito et al., 2008], sputtering the LDEX target by energetic neutral atoms [Saul84

et al., 2013; Allegrini et al., 2013], and/or the lunar ionosphere [Poppe et al., 2014]. See85

Horányi et al. [2014] for a more in depth discussion of the instrument operating schemes.86

These currents, defined in Table 1, are summarized below Table 187

JN = JD + J⌫ + JH + JL

JS = J⌫ + JH

J = JN � JS = JD + JL

“Current” for the remainder of this paper will refer to this residual, low-energy current88

(J). All impact plasma charges due to a flux of small grains to LDEX will be captured89

in this current if they exist. Hence, the current can be used to search for the putative90

population of grains with a ' 0.1 µm lofted over the sunrise terminator regions by elec-91

trostatic e↵ects and will be the focus for the remainder of this discussion. Additionally,92

unless otherwise stated, “terminator” will refer to the lunar sunrise terminator at 6:0093

local time (LT). This terminator is the boundary on the lunar surface between sunlit94

and shadowed terrain assuming a smooth surface, hence ignoring the complexity of this95

boundary due to the topography. LADEE followed a retrograde, near equatorial orbit96

with closest approaches over the sunrise terminator. During these closest approaches no97

D R A F T May 24, 2015, 9:08am D R A F T

Searching  for small lofted dust 
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Figure 2. The residual, low-energy ion current measured by LDEX, shown in a frame

with the Sun fixed on the x-axis. The color indicates the magnitude of the current, the

gap between the surface of the moon and the color strip indicates the spacecraft altitude

(not to scale), and the radial extent of the color strip shows the magnitude of the switched

signal, which gives a measure of the contribution of the UV generated photoelectrons on

the MCP itself, and the high energy ions entering LDEX. The times on the circular axis

denote local time. (a) A representative orbit showing the many features frequently seen

by LDEX. (b) A quiet period showing almost no activity on the current channel.
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Figure 3. (top:) The LDEX current for each terminator crossing, averaged from 5:30

LT to 6:30 LT, and the predicted currents based on the Apollo [McCoy , 1976; Glenar

et al., 2011] (red and dashed red, respectively), Clementine [Glenar et al., 2014] (green),

and LRO [Feldman et al., 2014] (blue) missions. (middle:) The solar wind ion density at

the Moon measured by ARTEMIS [Angelopoulos , 2011]. (bottom:) The altitude of the

spacecraft at each terminator crossing. Gray vertical bars indicate time periods LDEX

was not taking measurements.

D R A F T May 24, 2015, 9:08am D R A F T

SZALAY AND HORÁNYI: TERMINATOR DUST X - 17

Table 2. Terminator density parameters for a = 0.1 µm along with the expected

currents LDEX would measure for such a population at LDEX’s lowest terminator crossing

altitude of 3 km. The last row gives the average current measured by LDEX, which

remained approximately constant throughout the mission.

Source n0 z0 h J(3 km)

[m�3] [km] [km] [e�s�1]

McCoy [1976] 6⇥ 104 9.28 0 6⇥ 107

Glenar et al. [2011] 1⇥ 104 8.50 10 3⇥ 107

Glenar et al. [2014] 9 12.00 0 9⇥ 103

Feldman et al. [2014] 5 9.00 0 5⇥ 103

LADEE/LDEX 1⇥ 105

D R A F T May 24, 2015, 9:08am D R A F T
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2.5 Examples
Our first example is an interplanetary dust particle at 1 AU from the Sun, ex-
posed to solar UV radiation and also the solar wind plasma with n ' 5 cm�3

and kTe ' kTi ' 10 eV. The average solar wind speedw = 400 km s�1, which
is supersonic compared to the proton thermal velocity (M ⇠ 10). Substituting
equations (4), (12), (13), and (15) into (1) we can follow the charging history
of a dust particle. Figure 2 shows the history of the currents for an initially un-
charged micron-sized (aµ = 1) dielectric dust particle with photoelectron yield
 = 0.1 and secondary electron production coefficients �M = 1, EM = 300
eV, and kTs = 2.5 eV. In this environment photoelectron production domi-
nates charging. As the grain charges more and more positive, the photoelectron
current drops because fewer and fewer of the produced electrons escape. Si-
multaneously the electron current increases. In about 200 s the sum of all the
currents approaches zero and the dust grain reaches charge equilibrium. The
time needed to reach it, unlike the equilibrium potential itself, does depend on
the size of the dust particle. From equation (6), the equilibrium charge Qeq ⇠ a,
and all the currents are proportional to the surface area of a grain, J ⇠ a2. The

Figure 2 The history of the electron and ion currents, Je, Ji ; secondary and photoelectron currents
Jsec, J⌫ , and their sum

P
Jk (left panel); and the electrostatic surface potential (right panel) of an

initially uncharged micron-sized (a = 1µm) dielectric dust particle orbiting at 1 AU from the Sun.
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Figure 3. The azimuthally averaged cumulative density
n(> a) of the lunar dust exosphere comprised of the

secondary dust ejecta clouds generated in the continual
bombardment of the lunar surface by high-speed

interplanetary dust particles. The color represents the
various size cutoffs, and the thickness of these lines indicate

1 � error bars.
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Figure 4. Waveforms recorded just minutes before the end
of the LDEX mission at an altitude of h ' 2 km. The MCP
signal saturated, but the target signal amplitude can still be

used to estimate the size of the impacting dust particle
a ' 4 µm. The dip preceding the sudden rise of the target

signal is due to the charge the particle had before the impact,
and its depth indicates a dust charge of Q ' 450 fC.

electrons, and the rapidly rising waveform after the impact
hides the image charge induced by negatively charged dust
particles. However, the image charge of positively charged
particles shows up as a dip before the impact happens. LDEX
captures this part of the target waveform as it triggers on ion
detector MCP. When the MCP signal amplitude exceeds a set
threshold, the LDEX electronics trigger the waveform capture
of 15 samples before and 35 samples after the impact that are
sampled with with a dt of 8 µs. Figure 4 shows an example
set of waveforms where the image charge signal dip can be
clearly identified. The measured charge distribution is shown
in Figure 5, indicating that smaller particles, in general, have
larger surface potentials.The surface potential �

V

measured
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Figure 5. The surface potential of the dust particles as
function of their radius. The color code indicates the altitude

of their detection. The upper continues line indicates the
trend showing smaller particles with larger surface

potentials. The lower continues line indicate the 1 fC charge
required for a reliable detection.

in volts, the electrostatic charge Q
e

measured in electron
charges, and the radius of a dust particle a

µ

measured in µm
are related [23]

Q
e

' 700a
µ

�
V

(2)
In equilibrium, when the sum of all charging currents is
zero, the potential of a dust particle with radius a

µ

⇠ 1 is
independent of its size, hence Q

e

⇠ a
µ

. All charging currents
are proportional to the surface area of a grain, J ⇠ a2

µ

.
Hence, the charging time ⌧ ⇠ Q

e

/
P

J ⇠ a�1
µ

. Bigger
particles reach their equillibriumm potential faster. At 1
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Independently of altitude, the majority of particles impacted
LDEX with speeds close to the spacecraft speed itself. This
is expected if the number density of particles at any altitude
is dominated by particles close to their vertical turning points
and the initial cone angles of the ejecta particles are small
around the surface normal. The residence time per unit
height is maximum at the turning points and, due to the
expected steep initial speed distribution, fewer particles can
reach higher altitudes compared to the number of particles at
their maximum height. The time it takes of a dust grain to rise
to its maximum height can be calculated for h << R
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Figure 3. The azimuthally averaged cumulative density
n(> a) of the lunar dust exosphere comprised of the

secondary dust ejecta clouds generated in the continual
bombardment of the lunar surface by high-speed

interplanetary dust particles. The color represents the
various size cutoffs, and the thickness of these lines indicate

1 � error bars.
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Figure 4. Waveforms recorded just minutes before the end
of the LDEX mission at an altitude of h ' 2 km. The MCP
signal saturated, but the target signal amplitude can still be

used to estimate the size of the impacting dust particle
a ' 4 µm. The dip preceding the sudden rise of the target

signal is due to the charge the particle had before the impact,
and its depth indicates a dust charge of Q ' 450 fC.

electrons, and the rapidly rising waveform after the impact
hides the image charge induced by negatively charged dust
particles. However, the image charge of positively charged
particles shows up as a dip before the impact happens. LDEX
captures this part of the target waveform as it triggers on ion
detector MCP. When the MCP signal amplitude exceeds a set
threshold, the LDEX electronics trigger the waveform capture
of 15 samples before and 35 samples after the impact that are
sampled with with a dt of 8 µs. Figure 4 shows an example
set of waveforms where the image charge signal dip can be
clearly identified. The measured charge distribution is shown
in Figure 5, indicating that smaller particles, in general, have
larger surface potentials.The surface potential �
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Figure 5. The surface potential of the dust particles as
function of their radius. The color code indicates the altitude

of their detection. The upper continues line indicates the
trend showing smaller particles with larger surface

potentials. The lower continues line indicate the 1 fC charge
required for a reliable detection.

in volts, the electrostatic charge Q
e

measured in electron
charges, and the radius of a dust particle a

µ

measured in µm
are related [23]

Q
e

' 700a
µ

�
V

(2)
In equilibrium, when the sum of all charging currents is
zero, the potential of a dust particle with radius a

µ

⇠ 1 is
independent of its size, hence Q

e

⇠ a
µ

. All charging currents
are proportional to the surface area of a grain, J ⇠ a2

µ

.
Hence, the charging time ⌧ ⇠ Q

e

/
P

J ⇠ a�1
µ

. Bigger
particles reach their equillibriumm potential faster. At 1
AU in the solar wind the charging currents are, in order
of their relative importance: a) photo electron emission; b)
electron collection; c) secondary electron emission; and d)
ion collection. Figure 6 shows the charging history of a
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Independently of altitude, the majority of particles impacted
LDEX with speeds close to the spacecraft speed itself. This
is expected if the number density of particles at any altitude
is dominated by particles close to their vertical turning points
and the initial cone angles of the ejecta particles are small
around the surface normal. The residence time per unit
height is maximum at the turning points and, due to the
expected steep initial speed distribution, fewer particles can
reach higher altitudes compared to the number of particles at
their maximum height. The time it takes of a dust grain to rise
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Charging currents in the solar wind at 1 AU



SUMMARY
1) There is  a permanently present asymmetric dust ejecta cloud engulfing 

the Moon. 

2) The dust density increases during  meteoroid showers.  
  

3) There is  no evidence of lofted small particles over the terminators.  

4) LDEX detected unexpectedly large charges on grains at low altitudes.  
  

5) Similar dust clouds are expected above all airless bodies, including         
Mercury, asteroids, the moons of Mars: Phobos  and Deimos. 

6)  The Colorado dust accelerator is available to the community.  
                                                                 ( impact.colorado.edu)


