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Abstract—SCRAP is a student experiment that aims
to validate theories on electron density fluctuations
induced by the presence of dust particles connected to
the phenomenon of polar mesospheric summer echoes
(PMSE). Radar echoes are to be measured from a
dust cloud of metallic microparticles released into the
mesosphere above northern Sweden using a sounding
rocket in spring 2015. This report presents a subproject
of selecting the best size, amount and material of the
dust particles to be used.

A collisionless model describing the charging of and
wave backscattering from the dust cloud has been com-
piled and applied for typical mesospheric conditions.
The results indicate that the charging is dominated
by photoelectric emission, leading to a positive steady-
state charge number between about 10 and 1000 in less
than 24 s. The particle characteristics are shown to be
measurable by computing the scattering cross-section
originating in the propagation of dust acoustic waves.
The choice of optimal particle parameters depends on
two competitive effects. For large particles of high den-
sity and low photoelectric yield, the measured signals
will be stronger but also broader in the frequency spec-
trum. Of the alternatives considered, silver particles of
0.1 µm radius are found to be the best choice.

I. Introduction

THE mesosphere is a region of the Earth’s atmosphere
that is presently poorly understood. Located above

the stratosphere and below the thermosphere at about 60-
90 km altitude above the Earth’s surface, it is too high up
to be studied by balloon flights and too far down for orbital
spacecrafts. Sounding rockets reach the correct altitude,
but can generally not be used to determine the chemical
composition of the mesosphere due to the great technical
difficulties of collecting uncontaminated samples. For this
reason, the current knowledge on the region is mainly
based on data gained through indirect methods.

Mesospheric studies have become an increasingly active
research topic because of the possibilities to provide input
to atmospheric models. It has for example been proposed
that the environment around the boundary towards the
thermosphere, known as the mesopause, depends on an-
thropogenic activity [1], [2]. Knowing the mesospheric
region could therefore lead to a better understanding of
global warming.

A. Scientific Background

The upper part of the mesosphere is host to a number
of remarkable features caused by its complex structure.
Polar mesospheric summer echoes (PMSE) are strong

radar echoes that can be detected in the polar region
during summer, when the mesosphere is at its coldest [3].
Noctilucent clouds (NLC) are the highest clouds in the
atmosphere of the Earth and can sometimes be seen to
glow at night. Both of these phenomena are thought to
stem from the presence of ice particles, that can form
despite the extremely low pressure due to the mesopause
reaching the lowest temperatures in the atmosphere of
the Earth. The ice particles are believed to form around
deposition nuclei of meteoric smoke particles (MSP) [4]
and their radii are in the order of 10 nm for PMSE.

In PMSE regions, the particles become charged due
to the absorption of ions and electrons from the sur-
rounding plasma as well as electron emission induced by
solar irradiation. Together with turbulence effects, this
causes electron density fluctuations which give rise to
a detectable scattering of radio waves. Several theories
have been put forth to model the propagation of these
irregularities, including gravity waves and oscillations of
charged particles. Studies made in the last decade have
however shown that the combined effect of active and
fossil turbulence are sufficient to explain the occurrence
of PMSE [3]. The potential use of PMSE observations as
a tool to study the thermal and dynamic structure of the
mesosphere is still an object of ongoing research.

B. The SCRAP Experiment

SCRAP (Scattering of Radar Waves on Aerosols in
Plasmas) [5] is a KTH student experiment whose purpose
is to validate theories on density fluctuations in dusty
plasmas, which can in particular be used to gain insight
on the properties of the particles involved in PMSE. The
experiment will be launched on a sounding rocket as
part of the REXUS (Rocket Experiment for University
Students) program [6] in spring 2015 from Esrange Space
Center in Kiruna, Sweden.

The experiment will be to release a cloud of electrically
conductive microparticles with calibrated properties into
the mesosphere and to measure the resulting backscat-
tering of ultra-high frequency radio waves. This will be
carried out by ejecting two free falling units (FFUs) from
the rocket at an altitude of about 85 km, which will
explosively release the particles through the ignition of
guncotton. The units will also contain spectrographs that
will record the Mie scattering spectra of solar radiation
from the particles for use in data analysis of the size
distribution of the dust cloud. Once the particles have been
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sufficiently charged, the backscattering will be measured
using the EISCAT UHF radar in Tromsø, Norway [7].
Since the properties of the released dust particles will be
known, these measurements can be related to theoretical
predictions.

A number of experiments involving similar measure-
ments have been attempted previously, such as NASA’s
Charged Aerosol Release Experiment [8] which released
engine exhaust particles for a similar purpose. However,
there has been no definitive experiment involving the
release of particles with completely known characteristics.
The major reason for this is the difficulty in obtaining a
dust cloud with a spatial distribution that allows it to be
studied by radar.

C. Microparticle-Plasma Interaction

This thesis reports the result of a subproject of SCRAP
devoted to the modeling of the dust charging and radar
backscattering processes. The main motivation for this
project was to ensure that the experiment will be designed
in the best way possible, particularly in terms of determin-
ing the properties of the dust to be released.

To be able to relate the radar measurements to the
dust cloud characteristics, the backscattered signal must
contain a clear dust-induced spectral signature, ideally as
a spectrum of narrow, intense peaks. This depends on the
geometry of the radar setup, local plasma properties as
well as the details of the charging process.

The particle parameters capable of influencing the mea-
surements are the size, amount and material. Copper
microparticles have been considered from an early stage
of the SCRAP experiment because of being commercially
available and relatively hazard-free. For this reason, cop-
per has been the prime material investigated.

II. Charging Process

Particles immersed in a plasma acquire an electric
charge due to the collection of electrons and ions as well
as photoelectric emission from their surfaces. The charge
number Zd of the particle (such that its charge is eZd) is
then given by the currents Ie from the electrons, Ii from
the ions and Iph from the photoelectrons according to

e
dZd
dt

= Ie + Ii + Iph (1)

Properties of particles of species s = d,e,i,ph will be
denoted Ts for temperatures, ns for densities, ms for
masses and Zs for charge numbers.

A. Collection of Electrons and Ions

Electron and ion collection by a dust particle can be
described by Orbital Motion Limited (OML) theory [9].
This theory relies on the assumptions that the electrons
and ions

1) do not collide with each other over distances compa-
rable to the particle size,

2) are not affected in their motion by other dust parti-
cles and

3) are not subject to any potential barriers as they
approach the dust particle.

The electric potential at a distance r from a charged
particle follows a screened Coulomb dependence ϕ(r) =
eZd

4πε0r
e
− r
λD , where λD =

√
ε0kBTe
nee2

is the Debye length of

the plasma [10]. For distances much smaller than λD, the
regular Coulomb potential is recovered. The potential on
the surface of a dust particle of radius Rd is thus

ϕd =
eZd

4πε0Rd
(2)

Consider a charged particle of species s with kinetic
energy E = msv

2/2. Let the initial perpendicular distance
between the path of the charged particle and the center
of the dust particle, known as the impact parameter, be
denoted by b. As the Coulomb potential must be overcome,
the charged particle can only be collected if E ≥ eZsϕd.
Suppose this is the case and that the charged particle
just grazes the dust particle. Conservation of angular
momentum and energy then reads

mvb = mR2
dθ̇,

mv2

2
= eϕd +

mR2
dθ̇

2

2
(3)

which results in that b = Rd

√
1− Zseϕd

E . Any charged

particle of the same energy with an impact parameter
lesser than b will be collected. The cross-section of particle
collection is therefore σd = πb2, i.e.

σd(E,ϕd) =

{
πR2

d

(
1− Zseϕd

E

)
if E ≥ Zseϕd

0 if E ≤ Zseϕd
(4)

The number of such particles collected during the time
dt is dNs = σ(E,ϕd)vfs(v)d3vdt, where fs(v) is the
unperturbed velocity distribution. The resulting current
is

Is = Zse

∫
dNs
dt

= Zse

∫
σ(E,ϕd)vfs(v)d3v (5)

Classical, non-interacting particles that are in thermal
equilibrium have a Maxwellian distribution

fs(v) = ns

(
ms

2πkBTs

)3/2

exp

(
− msv

2

2kBTs

)
(6)

Assuming this is the case for the electrons and ions, the
currents are then for s = e,i

Is = 2
√
πR2

dZsens

√
2kBTs
ms

·

·

exp
(
−Zs e2Zd

4πε0RdkBTs

)
if ZsZd ≥ 0(

1− Zs e2Zd
4πε0RdkBTs

)
if ZsZd ≤ 0

(7)
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B. Photoelectric Emission

Photoelectric emission, or photoemission, is the process
in which photons striking a metallic surface cause electrons
to be emitted. The electrons typically receive part of the
photon energy minus a binding energy known as the work
function.

The number of photoelectrons emitted by a dust particle
can be estimated by two separate factors [9]. The solar ir-
radiance spectrum S(λ) is the number of incident photons
per unit area per unit time with wavelengths between λ
and λ+dλ. The photoelectric yield function Y (λ) similarly
describes the number of emitted electrons per incident
photon of wavelength between λ and λ + dλ. The total
number of emitted photoelectrons per unit time is then

nemission = πR2
d

∫
S(λ)Y (λ)dλ (8)

For positively charged dust particles, however, an emit-
ted photoelectron of initial radial kinetic energy E will
be pulled back instead of escaping from the dust grain
potential if E ≤ eϕd. It is assumed that the emitted elec-
trons follow a Maxwellian distribution with temperature
Tph according to equation (6), by which the probability of
detachment is

Pdetachment =

∫∞
eφ
vfph(E)dE∫∞

0
vfph(E)dE

=

=

(
1 +

eϕd
kBTph

)
exp

(
− eϕd
kBTph

)
(9)

for positively charged dust particles and 1 otherwise.
Hence, the current due to photoelectric emission

enemissionPdetachment is

Iph = eπR2
d

∫
S(λ)Y (λ)dλ·

·



(
1 + e2Zd

4πε0RdkBTph

)
exp

(
− e2Zd

4πε0RdkBTph

)
if Zd ≥ 0

1

if Zd ≤ 0

(10)

1) Solar Irradiance Spectrum: Accurate and recent ex-
perimental data for mesospheric solar radiation that covers
a wide range of wavelengths are not readily available.
Instead, the spectrum that has been used is taken from the
model SOLAR2000 [11], which utilizes empirical data to
make forecasts that are generally valid in an ionospheric
environment. The spectrum S0 given by this model for
an average over the month of March in 2014 as collected
from the Solar Irradiance Platform [12] is displayed in
figure 1. The figure also includes a comparison with the
daily average of an actual measurement from the Solar
Mesosphere Explorer (SME) conducted on 1989-04-13 in
an unspecified region of the mesosphere [13].

Figure 1. Solar irradiance spectrum S = S0 predicted by SO-
LAR2000 as averaged over March 2014 and actual measurements
from SME

The two spectra coincide in the wavelength range they
both cover although SOLAR2000 can supply a much wider
range of wavelengths. In the following all radiation of
wavelength below 90 nm has been assumed to be absorbed
in higher atmospheric layers [14]. The data above 300 nm
has been removed, since it will not lead to the emission of
any electrons due to the photon energy being below the
work function of the materials considered.

2) Photoelectric Yield Function: The model used to
describe the photoelectric yield is based on the Fowler-
Dubridge formula [15]

Y =


βAT 2

ph

(
π2

6 + x2

2 − Σ(−1)k+1 e−kx

k2

)
if x ≥ 0

βAT 2
ph

(
Σ(−1)k+1 ekx

k2

)
if x ≤ 0

(11)

In this expression, A = 4πmek
2
B/h

3, β is a constant
that is mainly material dependent, T is the temperature
of the metal surface and x = hc/λ−φth

kBT
where φth is the

thermionic work function of the dust particle. The formula
is valid for most metals, but this treatment will focus on
copper, as explained in section I-C.

The thermionic work function of copper is approxi-
mately φth = 4.42 eV [16] and β has been fitted from
an experimental sequence of photoelectric emission from
a flat copper surface [17] to the value β = 4.13 · 1020

m2s. The resulting yield function Y is plotted together
with the experimental sequence in figure 2 for the lab
temperature T = 300 K. For a typical mesospheric tem-
perature T = 180 K [18], the product S0Y0, representing
the number of electrons emitted from a unit area due to
incident photons of wavelength between λ and λ + dλ, is
plotted in figure 3.
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Figure 2. Photoelectric yield function Y of copper for T = 300 K
with experimental data of [17]

Figure 3. Product of the solar irradiance spectrum and the photo-
electric yield function SY = S0Y0 of copper for T = 180 K

III. Mesospheric Scattering

The basic idea utilized in the measurement of radar
backscattering is that the amplitude of the electromag-
netic waves is approximately proportional to the electron
density in the region. This leads to a relation between
the measured intensity and the variation of the electron
density, which in turn is influenced by a number of different
phenomena in the plasma environment [19].

Accurate models of scattering processes in the meso-
sphere are only available under certain conditions. The
main assumption that has been made in the following
treatment is that the plasma is completely collisionless.
A derivation of the kinetic model employed has been done
by Tolias [20], who also includes a thorough list of the
required assumptions.

The main dimensionless parameters of the plasma envi-
ronment are

P =
nd
ne
|Zd| , τ =

Ti
Te
, τd = |Zd|

Ti
Td

(12)

The dust particle density under the assumption of spher-

ical particles spread in a spherical cloud is

nd =
9M

16π2ρR3R3
d

(13)

where ρ is the material density, R is the dust cloud radius
and M is the total dust mass.

It is also useful to introduce the dust sound speed vsd,
the thermal velocity vTs of particles of species s and the
difference q between the wavenumbers of the incident and
scattered waves according to

vsd =

√
PZd

1 + P + τ
vTd, vTs =

√
kBTs
ms

, q =
4πν0

c
(14)

where ν0 is the radar frequency.
The two main quantities that can be determined from

the radar echo measurements are:

1) The frequency shift ∆ω – the difference between the
(angular) frequency of the measured intensity peak
ω and the incident radar (angular) frequency ω0 in
the backscattered spectrum.

2) The scattering cross-section Σ – the ratio of the
measured power of scattered waves per unit volume
Pr to the incident radiation intensity Ii.

It should be noted that the term scattering cross-section
(or radar cross-section) is often also used for a quantity σ
defined as the area of a hypothetical object that would
isotropically scatter the same amount of radiation as
received by the actual object per unit volume. Whereas Σ
then depends on the area A of the cloud and the distance R
to the radar, σ does not. The two scattering cross-sections
are related according to

Σ = σ
A

4πR2
(15)

A. Dust Acoustic Waves

Under the assumption that PZd � 1 and τ = 1, the
frequency spectrum of the backscattered radar signal will
schematically be as in figure 4.

Figure 4. Backscattered frequency for PZd � 1 taken from [21]
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The two greatest peaks centered around the so-called
dc feature are caused by the propagation of dust acoustic
waves (DAW). These are very low frequency oscillations
of the massive charged dust particles sustained through
pressure from plasma electrons and ions.

Although the current consensus is that PMSE is caused
by air turbulence, DAW can under certain conditions also
play a role in the generation of these natural radar echoes.
It has been suggested that the electric fields involved are
generally too small to excite DAW [22], but this is not
necessarily true when using ultra high radar frequencies,
as in the SCRAP experiment. The physics also differ
greatly when considering metal microparticles instead of
ice nanoparticles.

The differential scattering cross-section of scattered
waves in the frequency range ω to ω+ dω into an element
of solid angle dΩ due to DAW is for PZd � 1 [21]

dΣ =
3

32π
neσT

τ2

1 + P + τ
(1 + cos2 θ)·

·
(
δ

(
∆ω −

(√
v2
sd + 3v2

Td

)
q

)
+ (16)

δ

(
∆ω +

(√
v2
sd + 3v2

Td

)
q

))
dωdΩ

where σT = e4/(6πm2
eε

2
0c

4) is the Thomson scattering
cross-section and θ is the azimuthal angle.

Integrating over all frequencies and the solid angle
extended by the radar dish then yields the DAW scattering
cross-section and frequency shift

Σ =
3

8
neσT

τ2

1 + P + τ

(
4

3
− cosα− cos3 α

3

)
(17)

∆ω =
√
v2
sd + 3v2

Tdq (18)

where α is half of the angle that the radar dish occupies
as viewed from the dust cloud.

B. Scattering from Other Sources

The scattering present in the static limit ∆ω = 0 seen
in the dc feature of figure 4 occurs due to electron fluctu-
ations of the dust particle shielding cloud. The scattering
cross-section for this process is

Σstatic =
3

8
√

2π
σT

Zdnd
qvTd

(
τ

1 + P + τ + Pτd

)2

·

·
(

4

3
− cosα− cos3 α

3

)
(19)

One mode of oscillation of ions and electrons in a dust-
free plasma is known as ion acoustic waves (IAW). These
oscillations can be influenced by the presence of relatively
heavy dust that remains static and are then known as dust-
ion acoustic waves (DIAW).

If τ � 1, backscattering of waves due to electron density
fluctuations caused by DIAW can be measured. Their
signature can be found together with that of DAW if

PZd � 1 and without it otherwise. The scattering cross-
section and frequency shift for DIAW are given by

ΣDIAW =
3

8
neσT

(
4

3
− cosα− cos3 α

3

)
(20)

∆ωDIAW =
√
v2
sd + 3v2

Tiq (21)

A rough estimation of the corresponding quantities for
regular IAW is found by taking ΣIAW = ΣDIAW and
∆ωIAW = ∆ωDIAW for P = 0, corresponding to the
absence of dust particles.

IV. Deviations in the Plasma Environment

Beyond the simple models of dust charging and radar
backscattering presented in sections II and III, there are
a number of other effects that could influence the particle
behavior through how the surroundings react to the release
of the dust cloud.

A. Gas Ionization

The gas produced by the particle release system of the
SCRAP experiment is susceptible to get ionized. If the
ionization time is short compared to the time required for
the dust particles to achieve their final charge, the presence
of the ionized gas particles could affect the backscattering.

For a beam of photons with flux Γ incident on a gas of
density n, the reaction rate per unit volume is Z = Γnσpi,
where σpi is known as the photoionization cross-section of
the gas. A first order approximation of the ionization time
of a volume V of this gas is then given by

tionization =
1

ZV
(22)

Γ is related to the irradiance spectrum S according to
S = dΓ

dλ . The total reaction rate can thus be obtained by
integrating dZ = Snσpidλ.

The gas generated by the ignition of guncotton predomi-
nantly consists of CO2 (estimated to about 70%). Ignoring
all other constituents, σpi is as fitted in figure 5 from an
experimental sequence [23].

Figure 5. Photoionization cross-section σpi for CO2
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B. Plasma Retraction

During the explosive release, the plasma will to some
degree be pushed away. This could have a noticeable
effect on the charging of the dust particles and the mea-
sured backscattering if the time tretraction required for the
plasma to retract is long, with respect to the time during
which the dust cloud will be within reach of the radar.

The retraction time can be calculated for simple cases
assuming ambipolar diffusion [24] according to

∂n

∂t
−Da∇2n = 0 (23)

where n is the local plasma concentration and Da is the
ambipolar diffusion coefficient.
Da is approximately given by

Da =
2kBTi
miνm

(24)

where νm is the collision frequency between ions and
neutral particles (assumed to be solely CO2). The collision
frequency can itself by estimated according to

νm = Nσc

√
8kBT

πµ
(25)

where N is the CO2 number density, T is the surrounding
temperature, σc is the collisional cross-section and µ is
reduced mass of ions and CO2. For collisions of neutrals,
a good approximation is σc = π(r2

CO2
+ r2

i ), which is also
assumed to hold in this case of ion-neutral collisions.

V. Results

The following sections describe calculations made as-
suming the release of spherical particles made out of
solid copper to give a first overview of the applications
of the model. The choice of material directly affects the
dust charging through the photoelectric properties and the
radar backscattering through the density. Other materials
are considered in section V-D in order to find what will be
suitable for SCRAP.

The parameters assumed to be matching the environ-
ment of the experiment are listed in table I for general
quantities and table II for the ion composition. The elec-
tron and ion temperatures as well as the range of electron
densities considered are based on measurements made with
the EISCAT UHF radar of figure 6 and data collected from
the International Reference Ionosphere (IRI) for March
2015 at a geographical position near Esrange [25].

Table I
Parameters assumed in the calculations

Parameter Value(s) Motivation for choice
Te 200 K Figure 6, IRI [25]
Ti 200 K Figure 6, IRI [25]
Td 200 K Thermal equilibrium with elec-

trons and ion
Tph 1 eV Typical value for photoemission

from spacecrafts [26]
ρ 8960 kg/m3 Copper particles
M 1 kg Current estimate
R 500 m Current estimate
ν0 930 MHz Mean frequency of EISCAT

UHF radar [27]
α 8·10−5 Radar dish of 16 m radius [27] at

200 km distance from the cloud
SY S0Y0/2 – 2S0Y0 See sections II-B1 and II-B2
Rd 0.1 – 10 µm Commercial availability
ne 108 – 1010 m−3 Figure 6, IRI [25]

Table II
Mesospheric ion composition taken for an altitude of 80 km

at latitude 50◦N during a typical summer noon [28]

Positive ion ni [m−3]

O+
2 6 · 106

NO+ 7 · 107

NO+H2O 1 · 108

NO+(H2O)2 7 · 107

NO+(H2O)3 3 · 105

NO+CO2 4 · 105

NO+N2 3 · 104

H+H2O 5 · 107

H+(H2O)2 4 · 107

H+(H2O)3 5 · 107

H+(H2O)4 7 · 108

O+
4 7 · 104

O+
2 H2O 6 · 105

Negative ion ni [m−3]
O- 1 · 104

O-
2 2 · 107

O-
3 1 · 104

O-
4 1 · 104

CO-
3 2 · 105

CO-
4 1 · 105

HCO-
3 3 · 104

O-
2H2O 1 · 104

OH- 1 · 104

Figure 6. Plasma parameters obtained from Tromsø UHF radar
measurements on 2014-03-23 pointed towards the actual experiment
site
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A. Dust Charging

The charge of a dust particle over time was calculated
by numerically solving equation (1) using the currents of
section II.

Figure 7 displays all currents involved for a typical case
of Rd = 1 µm, SY = S0Y0 and ne = 109 m−3.

Figure 7. Ion, electron and photoelectron current densities J as a
function of dust potential ϕd for Rd = 1 µm, SY = S0Y0 and ne =
109 m−3

In figure 8, the steady-state value of Zd is plotted against
Rd for a few values of ne and S0Y0. Within each colored
stripe, SY increase from S0Y0/2 (lower edge) to 2S0Y0

(upper edge), as indicated by the arrow.

Figure 8. Dust charge number Zd as function of dust particle radius
Rd

An upper limit for the possible charging time was
calculated using the estimated upper and lower bounds
of involved parameters according to

100 K ≤ Te ≤ 300 K

0.2 eV ≤ Tph ≤ 5 eV

108 m−3 ≤ ne ≤ 1010 m−3 (26)

0.1 µm ≤ Rd ≤ 10 µm

S0Y0/5 ≤ SY ≤ 5S0Y0

The largest time until 99% of the final charge is obtained
by taking any combination of these limit values was found
to be 24 s, as seen in the time evolution of Zd displayed
in figure 9.

Figure 9. Dust charge number Zd as function of time t for the longest
time scenario

B. Radar Backscattering

Using the solutions of equation (1), the theoretical
features of the backscattered signals were calculated ac-
cording to section III. The DAW results are of primary
concern, since they can be related to particle parameters
and can emerge for the case τ = 1, which is here assumed
(beyond the first plot).

For a first glance into the scattering cross-section of
DAW, the ratio of Σ to ne is plotted against P for a few
values of τ in figure 10.

Figure 10. Ratio of scattering cross-section to electron density Σ/ne

In figure 11, Σ is plotted against Rd with a number of
different ne and S0Y0 values. The figure includes triangles
that indicate when the lower and upper parts of the strip
reach PZd = 100, in order to qualitatively see how well
the requirement PZd � 1 of DAW propagation is fulfilled.
Figure 12 displays the frequency shift ∆ω against Rd for
several ne and S0Y0. In figure 13, the critical radius Rd,crit
such that PZd = 1 is plotted against ne for some values of
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S0Y0. Figures 14, 15 and 16 display the scattering cross-
sections and frequency shifts originating in sources other
than DAW.

Figure 11. Scattering cross-section Σ, the upper limit of Rd such
that PZd > 100 is indicated by 5 for SY = S0Y0/2 and 4 for
SY = 2S0Y0

Figure 12. Frequency shift ∆ω, the upper limit of Rd such that
PZd > 100 is indicated by 5 for SY = S0Y0/2 and 4 for SY =
2S0Y0

Figure 13. Critical radius Rd,crit such that PZd = 1

Figure 14. Scattering cross-section in the static limit Σstatic, the
upper limit of Rd such that PZd > 100 is indicated by 5 for SY =
S0Y0/2 and 4 for SY = 2S0Y0

Figure 15. Scattering cross-section for DIAW ΣDIAW , the upper
limit of Rd such that PZd > 100 is indicated by 5 for SY = S0Y0/2
and 4 for SY = 2S0Y0

Figure 16. Frequency shift of DIAW ∆ωDIAW , the upper limit of
Rd such that PZd > 100 is indicated by 5 for SY = S0Y0/2 and 4
for SY = 2S0Y0

As mentioned in section III-B, the scattering cross-
section from IAW is roughly the same as that from DIAW
and the frequency shift can be calculated by taking P = 0
in the DIAW expression, resulting in ∆ωIAW = 10000 Hz.
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C. Time Scale Analysis

Using current approximations of the required amount
of explosives, 6.8 mg of CO2 will be released per m3. As
copper has the molar mass 44 g/mol, the density is thus
n = 9.3 · 1019 m−3. Furthermore, the gas is expected
to extend to a volume of 3500 m3, corresponding to a
sphere of 10 m radius. Integrating the reaction rate given
in section IV-A with the solar irradiance spectrum shown
in section II-B1 then gives a value of tionization below 1 s.

For the plasma retraction calculation outlined in section
IV-B, the ion composition was simplified to consist only of
the most common ion H+(H2O)4. This yields a diffusion
coefficient of Da = 0.9 m2/s. To solve the diffusion
equation, the geometry chosen was a sphere of radius 10
m with zero initial density inside and constant n = 109

m−3 on the boundary. This gave the time tretraction = 30
s.

D. Optimization

Since the frequency shift of scattered waves from fluctu-
ations caused by DAW is likely too small to be detectable
by the radar, the main hope of gaining information on
particle characteristics lies in measuring Σ. For the DAW
intensity peaks to be sufficiently pronounced, it is further-
more required that PZd is large. Optimizations of Σ and
PZd were performed for the particle parameters Rd, ρ, φth
and β under the assumption that ne = 109 m−3. These
parameters were assumed to be within the bounds

0.1 µm ≤ Rd ≤ 10 µm

5000 kg/m3 ≤ ρ ≤ 20000 kg/m3

2 eV ≤ φth ≤ 6 eV

4 · 1020 m2s ≤ β ≤ 6 · 1020 m2s

The result was that particles of higher radius, density
and thermionic work function as well as lower β result in
scattering of a higher cross-section and lower PZd.

Three materials with values of β obtained from the same
source of experimental data [17] are listed in table III

Table III
Materials considered

Material ρ [kg/m3] β [m2s] φth[eV ]
Copper 8960 4.132·1020 4.42
Silver 9320 4.404·1020 4.30
Nickel 8910 5.402·1020 4.5

Of these, Σ was highest for copper and PZd was highest
for silver.

VI. Discussion

A. Charge of the Particles

As figure 7 indicates, the charging process is heav-
ily dominated by the photoelectron current. A natural
consequence of this is the large positive charge number
of figure 8 that typically lies between 10 and 1000 for

particles of 1 µm radius. Only for much smaller particles,
low photoelectric yield and high electron densities will the
electron current be sufficiently high for the particle charge
to become negative.

The ion current is negligible compared to the other
currents in all cases considered, which can be seen directly
from equation (7) since the ion masses are large com-
pared to the electron mass. The uncertainty introduced
by assuming the fixed ion composition of table II should
therefore affect the overall result very little. However, it
is still possible that the ions introduced by the explosion
of guncotton could give rise to significant currents. For
example, 10 g of CO2 spread out into a sphere of 1 km
radius would still have a density in the order of 1017

m−3, which would greatly increase the ion and electron
densities.

The non-collisional assumption made in the use of OML
theory could be questioned for the mesospheric environ-
ment, where collisions with neutrals are often important.
The treatment of charging in collisional dusty plasmas
is however well understood and for example outlined in
the work of Fortov et al. [9]. In the weakly collisional
regime where mainly ion-neutral collisions are important,
the effect would simply be a slightly changed expression
of ion current that would not change the results achieved
with the model in question.

How the plasma environment reacts to the collection
and emission of electrons and ions by the dust particles
is not described in the present model. The reason for
this is that the dynamical properties of the plasma and
the dust cloud expansion process that would need to
be introduced greatly increases the complexity of the
problem. For example, the large number of photoelectrons
emitted could influence the rate of electron collection,
leading to a more negative charge than the results here
indicate. It is mainly because of this uncertainty that the
electron density was left as a free parameter despite access
to appropriate databases and the measurements made in
Tromsø.

The photoelectric yield from a metal surface of a given
material depends on a number of factors, such as its
orientation, cleanliness and crystal structure. Accurate
data for this is not readily available for most materials
and wavelength ranges, whereby the use of some fitted
function is necessary. The yield derived using the Fowler-
Dubridge formula displayed in figure 2 for example grows
unreasonably large for X-ray irradiation. Furthermore,
determining the solar irradiance spectrum accurately is
problematic, especially in the X-ray and lower UV regimes
that have been ignored in this work. The reason for this
difficulty is that the amount of radiation absorbed by
layers of the ionosphere can vary and become significant
mainly during periods of high solar activity. The irradiance
also depends on the season and time of the day because
of the incidence angle of the radiation. The product SY
has been left as a free parameter in the results for these
reasons.
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B. Use of Radar Measurements

The first idea on how to relate the radar data to
particle parameters was to utilize the frequency shift of
backscattering from DAW. However, as figure 12 shows,
the frequency shift will at most be of the order of 1 Hz
for all realistic scenarios. This is most likely too small for
detection by the EISCAT UHF radar, especially consider-
ing the fact that the signals will not be perfectly narrow
peaks in reality. Future studies on site in Tromsø before
launch and the potential use of radar experiments of high
spectral resolution might allow for the use of the frequency
shift to be reconsidered, but at present it is doubtful.

As seen by figures 10, 11 and 14, the scattering cross-
sections of DAW, DIAW and IAW are of the same order of
magnitude, except for small particle radii where that from
DAW becomes slightly lower. Since IAW were detected as
part of the measurements done using the radar pointed
towards the actual experiment site, this indicates that the
intensity of the DAW signal will be sufficiently strong to
be measured. According to equation (17), the DAW cross-
section can be related to P and thus to all other particle
parameters through the dust density and charge.

Although the frequency shift of the signal originating in
DAW will be minor, figure 14 shows that the DAW cross-
section measurements will not be changed greatly from
the presence of the static signal, due to the static signal
cross-section being several orders of magnitude smaller.
Furthermore, the frequency shifts of the IAW and DIAW
signals can in figure 16 be seen to be in the order of several
kHz and should therefore be possible to separate from that
due to DAW.

The frequency shift of the DIAW signal can be related
to the particle parameters according to equation (21).
It is however challenging to get a sufficiently accurate
measurement to do so, seeing as the ion thermal veloc-
ity will dominate for ions and dust particles in thermal
equilibrium. Another concern is that the DIAW and IAW
signals can likely not be separated from each other, seeing
as their cross-sections and frequency shifts are of the same
order of magnitude. Because thermal equilibrium between
electrons and ions is generally the case for mesospheric
conditions, it is furthermore expected that τ � 1 will not
be fulfilled, which can cause the intensity peaks of these
signals to be significantly widened.

Although the results indicate that the DAW cross-
section can be used as a means to achieve the goal of
SCRAP, actually determining this property through the
measured intensity could be difficult. Knowledge of the
backscatter field strength, antenna and amplifier gains,
filters, mixers, sampling bit depth and so on is needed to
obtain an accurate result. Whether or not this will truly be
feasible to achieve needs to be investigated in more detail
for future work.

From figure 13, the fulfillment of the requirement
PZd � 1 to obtain pronounced peaks of intensity from
DAW appears to be very uncertain. For conditions of
slightly higher electron densities and photoelectric yield

than the typical ones, the critical radius such that PZd = 1
is as low as 1 µm. Exactly how greatly this can affect
the observed frequency spectrum must be controlled with
a more detailed analysis to determine the feasibility of
optimal backscattering measurements.

As with the dust charging, the non-collisional assump-
tion of the scattering model might not reflect the actual
conditions. Attempts at finding collisional models for use
with mesospheric radar scattering have not lead anywhere.
Further investigation is thus required on how such a
treatment would affect the results.

In the derivation of the plasma kinetic model, Tolias [20]
assumes that the dust charge is much larger than unity,
Zd � 1, because quantum mechanical effects that have not
been considered for the collected electrons can otherwise
be relevant. For high electron densities, low dust radii and
low photoelectric yield this assumption is not always satis-
fied, as seen in figure 8. The fulfillment of the requirement
will of course benefit from choosing particles that give
a large value of PZd. The other assumptions made can
easily be controlled to be fulfilled in the environment of
the experiment.

C. Experiment Time Frame

In order for the SCRAP experiment to succeed, the
dust cloud cannot be allowed to vanish from the field of
view of the radar before it has been sufficiently charged
and measurements have been done. Modeling of the dust
release and behavior in the mesosphere has shown that the
dust cloud will take about 80 s to reach its full size and that
the cloud will fall its first km in about 30 s, which should be
compared to the worst case scenario dust charging time of
24 s seen in figure 9. There should therefore be enough time
to make the radar measurements before the dust spreads
too thin or falls below 80 km to where the radar cannot
be directed.

Lowering the electron density by a factor of 10 increases
the charging time to roughly one minute. Such electron
densities are very rarely found in the mesosphere naturally,
but could occur due to the plasma being disturbed by the
particle release. The current estimate suggests that the
gas produced from the ignited guncotton will be blown
away into a sphere of at most 10 m radius. The effect
of the removed plasma should thus be very limited. The
calculated retraction time of 30 seconds indicates that the
charging should not be significantly interrupted even inside
of this sphere. The ionization time calculated shows that
the gas from the guncotton will almost instantly become
ionized, but, as discussed, this should not be a concern for
such a limited spatial extent.

D. Choice of Dust Parameters

The model that has been presented provides an overview
of how the dust particles will interact with the surrounding
plasma and incident radar waves. Ideally, the calculations
made could directly serve as a basis for determining the
optimal size, amount and material of the particles to be
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released. As described in the parameter optimization of
section V-D, there is however a conflict between having
a sufficiently high PZd for narrow peaks in the frequency
spectrum and a large cross-section resulting in high inten-
sities. This is caused by the cross-section being approxi-
mately inversely proportional to P according to equation
(17). P is in turn related to all particle parameters through
the dust charge and density.

Whether having a high value of PZd or a large cross-
section is more important cannot currently be decided
with certainty, since the shape of the frequency spectrum
remains to be investigated in detail and the cross-section
cannot easily be related to the measured intensity. How-
ever, if the cross-section is large enough, as the IAW calcu-
lations indicate, the focus should likely lie in maximizing
PZd. Of the choices considered, this would imply that
silver particles of 0.1 µm radius are optimal.

The amount of particles that has been assumed is 1
kg, which is based on expectations of how much mass
can be carried and released into a near-spherical shape
of 500 m radius using the current FFU design. For this
reason, it is not to be expected that the number of particles
can significantly be increased. Decreasing the number of
particles would increase PZd slightly, but of course reduce
the cross-section and be problematic for producing a large
and well-shaped dust cloud.

Beyond the materials of copper, nickel and silver consid-
ered, there are a multitude of other alternatives available
in the form of microspheres. Charting the photoelectric
properties of all options would be a considerable task and
prone to errors caused by differences in the conditions of
the experimental sequences used. What is perhaps more
important in choosing between what is available is to
find particles that are sufficiently cheap, relatively free
from health hazards and are not prone to spontaneous
combustion. It is furthermore important that the shape
of the particles is indeed closely spherical, can be released
with ease and have a predictable size distribution.

Other optimization criteria to determine the final exper-
imental design exist that depend on the cloud expansion
modeling done by other members of the SCRAP team.
The size and density of the particles will affect how the
dust cloud expands to its final shape and drifts during the
measurements.

VII. Conclusion

A collisionless model that describes the charging of dust
particles in a mesospheric plasma and the radar backscat-
tering due to the resulting electron density fluctuations has
been compiled. Typical conditions for the mesosphere were
assumed and used to calculate the parameters involved for
copper microparticles. A time scale analysis was performed
to determine whether or not the particles will be charged
sufficiently fast to be detected before the dust cloud van-
ishes from the radar field of view. The particle radius and
material were optimized with respect to the most critical
of the scattering characteristics.

The results showed that the dust particles will typically
attain a positive steady-state charge number between 10
and 1000. The time required to achieve this was found to
be 24 s for the worst case scenario, which leaves sufficient
time for radar measurements. The characteristics of the
dust particles will be measurable through the scattering
cross-section of radar echoes generated by dust acoustic
waves. The cross-section was found to be maximized for
particles of large radius and density as well as low pho-
toelectric yield, although this also causes the signal to be
more spread out in the frequency spectrum. It was deemed
more important to have well-defined intensity peaks than
an increased signal strength and silver particles of 0.1 µm
radius were found to be the best of the considered options.

Future work should focus on how the cross-section
can be related to the intensity of the measured signal.
Further investigation on how well the assumption of no
collisions holds up in the mesosphere must be carried out
and collisional generalizations should be explored. A more
advanced model that simultaneously accounts for the dust
cloud expansion process would be an advantageous next
step in the process of truly understanding the physics in
play.
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