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SHORT ABSTRACT

Dust charging and mobilization is demonstrated in three experiments with exposure to
thermal plasma with beam electrons, beam electrons only, or ultraviolet (UV) radiation
only. These experiments present the advanced understanding of electrostatic dust
transport and its role in shaping the surfaces of airless planetary bodies.

LONG ABSTRACT

Electrostatic dust transport has been hypothesized to explain a number of observations
of unusual planetary phenomena. Here, it is demonstrated using three recently
developed experiments in which dust particles are exposed to thermal plasma with beam
electrons, beam electrons only, or ultraviolet (UV) radiation only. The UV light source has
a narrow bandwidth in wavelength centered at 172 nm. The beam electrons with the
energy of 120 eV are created with a negatively biased hot filament. When the vacuum
chamber is filled with the argon gas, a thermal plasma is created in addition to the
electron beam. Insulating dust particles of a few tens of microns in diameter are used in
the experiments. Dust particles are recorded to be lofted to a height up to a few
centimeters with a launch speed up to 1 m/s. These experiments demonstrate that photo
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and/or secondary electron emission from a dusty surface changes the charging
mechanism of dust particles. According to the recently developed “patched charge
model”, the emitted electrons can be re-absorbed inside microcavities between
neighboring dust particles below the surface, causing the accumulation of enhanced
negative charges on the surrounding dust particles. The repulsive forces between these
negatively charged particles may be large enough to mobilize and lift them off the surface.
These experiments present the advanced understanding of dust charging and transport
on dusty surfaces, and laid a foundation for future investigations of its role in the surface
evolution of airless planetary bodies.

INTRODUCTION

Airless planetary bodies, such as the Moon and asteroids, are covered with fine dust
particles called regolith. These airless bodies, unlike Earth, are directly exposed to solar
wind plasma and solar ultraviolet (UV) radiation, causing the regolith dust to be charged.
These charged dust particles may therefore be mobilized, lofted, transported, or even
ejected and lost from the surface due to electrostatic forces. The first suggested evidence
of this electrostatic process was the so-called “lunar horizon glow”, a distinct glow above
the western horizon observed shortly after sunset by Surveyor 5, 6, and 7 spacecraft five
decades ago (Figure 1a)'3. It has been hypothesized that this glow was caused by sunlight
scattered off from electrostatically lofted dust particles (5 um radius) to a height <1 m
above the surface near the lunar terminator’3. Electrostatically released fine dust was
also suggested to be responsible for the ray-like streamers reaching a high altitude
reported by the Apollo astronauts*>.

Ever since these Apollo observations, a number of observations over other airless bodies
were also linked to the mechanisms of electrostatic dust mobilization or lofting, such as
the radial spokes in the Saturn’s rings®#®, the dust ponds on asteroid Eros (Figure 1b)° and
comet 67P0, the porous surfaces indicated from the main-belt asteroid spectral?, the
unusually smooth surface of Saturn’s icy moon Atlas'?, and the regolith at the lunar
swirls!3. In addition, the degradation of the laser retroreflectors on the lunar surface may
be also caused by the accumulation of electrostatically lofted dust!4.

Laboratory studies have been largely motivated by these unusual space observations in
order to understand the physical processes of dust charging and transport. Dust
mobilization has been observed in various plasma conditions, in which dust particles are
shed off from a glass sphere surface®, levitated in plasma sheaths!’, and recorded to
move on both conducting and insulating surfaces'®?!. However, how dust particles gain
large enough charges to be lofted or mobilized remained poorly understood. The
measurements of the charges on individual dust particles on a smooth surface?? and the
average charge density on a dusty surface?® immersed in plasmas show that the charges
are far too small for dust particles to be lofted or mobilized.

In the prior theories®2425, the charging was only considered to occur on the top surface
layer that is directly exposed to UV or plasma. Charges are often considered to be
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distributed uniformly over the entire dusty surface, i.e., each individual dust particle
acquires the same amount of charge, described by the so-called “shared charge model”2®,
However, the charges calculated from this model are much smaller than the gravitational
force alone. A charge fluctuation theory that accounts for the stochastic process of the
fluxes of electrons and ions to the surface!®?* shows a temporal enhancement in the
electrostatic force, but it remains small in comparison to the gravitational force.

In this paper, electrostatic dust lofting and mobilization is demonstrated using three
recently developed experiments?®, which are important for understanding dust transport
on the regolith of airless planetary bodies. These experiments are performed in the
conditions of thermal plasma with beam electrons, beam electrons only or UV radiation
only. These experiments demonstrate the validity of the recently developed “patched
charge model”?%?7, in which microcavities formed between neighboring dust particles
below the surface can re-absorb the emitted photo and/or secondary electrons,
generating large negative charges on the surfaces of the neighboring dust particles. The
repulsive forces between these negative charges can become large enough to mobilize or
lift off the dust particles.

PROTOCOL
1. Vacuum chamber setup

1.1.  Place an insulating rubber sheet (0.2 cm thick, 5 cm in diameter) with a central
hole 1.9 cm in diameter on an insulating plate (2 cm thick and 20 cm in diameter) (Figure
2a, b). Load insulating, irregularly-shaped dust particles (between 10 and 50 pum in
diameter) in the hole.

1.2.  Place the insulating plate on a metal plate standing in the middle of a vacuum
chamber. Electrically isolate the metal plate from the chamber using ceramic standoffs.

1.3.  Turnonthe vacuum pumps (a turbo pump backed by a mechanical roughing pump)
to reach the base pressure of ~ 10 Torr. The demonstrating experiments are performed
in a cylindrical stainless-steel vacuum chamber, 50 cm in diameter and 28 cm tall (Figure
2c).

1.4. Record the dust movement and lofting with a video camera at a regular speed of
30 frames/s (fps) or a high-speed (> 2000 fps) camera. Use an LED light with the maximum
illumination equivalent to > 500W incandesce light to produce enough lighting on the dust
particles for good-quality video recording.

Note: Using the rubber is because of its dark color that minimizes the light reflection to
the camera. Light-colored dust particles should be used for better photographing due to
the color contrast to the dark rubber surface. The thick insulating plate is used for
eliminating the effect of the electric field between the surface of the insulating plate and
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metal plate on the dust charging and mobilization. In this demonstration, Mars simulant
(JSC-Mars-1, sieved to the mean diameter of 38-48 um, mass density of 1.9 g/cm3 and
major composition of SiO, %8) were used, which resembles the general regolith dust of
airless bodies in the inner solar system. Various other types of insulating dust particles
were also tested, such as lunar simulant (JSC-1), lunar simulant highland (LHT) and pure
silica dust.

2. Exposure to thermal plasma with beam electrons

2.1. Attach a thoriated tungsten filament (0.1 mm thick and ~ 3 cm long) to an
electrode feedthrough and install it on the top of the chamber. Then pump the chamber
down to the base pressure.

2.2.  Fill the vacuum chamber with argon gas to the pressure of ~ 0.5 mTorr.
2.3.  Turnon the power supplies and set the bias voltage -120 V to the filament.

2.4. Increase the heating voltage to the heating current ~ 2A until the emission current
reaches a desired value (a few mA). Energetic electrons with the energy of 120 eV will be
emitted from the filament.

Note: These beam-like primary electrons impact neutral argon atoms, causing them to be
ionized and creating a plasma with an electron temperature around 2 eV. A large fraction
of the primary beam electrons directly reaches the dusty surface without collisions with
neutral atoms. Dust particles are therefore exposed to both the thermal plasma and beam
electrons.

2.5. Toshow the role of energetic beam electrons in dust transport, use an alternative
operation of creating a thermal plasma above dust particles.

2.5.1. Turnon an alternative filament in the bottom of the chamber with the bias voltage
-40 V and emission current up to 400 mA (Figure 2a). The primary electrons emitted from
the filament will be stopped by the metal plate below the insulting plate on which the

dust particles rest (Figure 2a, b).

2.5.2. Vary the emission current to change the electric field above the surface. Higher
current creates higher plasma density, thinner sheath, and thus larger electric field.

3. Exposure to beam electrons only
3.1. Setup the experiment as described in the above experiment using the top filament.

3.2.  Turn on the top filament under the base pressure 10 Torr (i.e., no argon gas fed
in the chamber). No plasma is created while only the 120 eV beam electrons emitted from
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the filament bombard the dust particles.
3.3.  Operate the filament in two different modes.

3.3.1 Setthe biasvoltage to-120V, then increase the heating voltage until the emission
current reaches a few mA.

3.3.2 Increase the heating voltage to reach a desired heating current ~ 2 A, then
increase the bias voltage from 0 V gradually to -120 V to emit electrons with an
emission current of a few mA.

4. Exposure to UV radiation only

4.1. Replace the top filament with a UV lamp (Figure 2b) and pump down the chamber
to the base pressure. Use a xenon excimer Osram lamp, which emits the UV light of 172
nm wavelength. The corresponding photon energy is 7.2 eV, larger than the work function
of the dust surface (~ 5.5 eV) in order to emit photoelectrons.

Note: Shorter wavelength UV that radiates higher energy photons is expected to create
more charges on the dust particles and therefore more mobilization, based on the
patched charge model?®?7,

4.2.  Turn on the UV lamp to radiate dust particles. In the demonstration, the photon
irradiance is 40 mW/cm at the UV source and ~ 16 mW/cm™ at the dusty surface.

REPRESENTATIVE RESULTS

A set of experiments were performed using the top or bottom filaments. With the top
filament setup, the hopping of the dust particles was recorded (Figure 3a). In contrast,
the dust particles remained at rest when using the bottom filament. It has been measured
that the vertical electric field at the surface was approximately same (16 V/cm) in both
experiments under the conditions described in Protocol step 2%°. These results indicate
that the electrostatic force due to the sheath electric field is not large enough to mobilize
dust particles. The only difference between these two experiments is the presence (using
the top filament) or absence (using the bottom filament) of beam electrons bombarding
the surface.

Potentials across the dust and outside rubber surfaces measured by Wang et al.?® have
shown that secondary electrons were generated due to the bombardment of the
energetic beam electrons while minimized in the plasma in which the electrons are
thermalized. More importantly, these potential measurements have shown that the
secondary electron emission was largely reduced on the dusty surface, comparing to that
on the solid surface?®. This is likely due to the surface roughness that can re-absorb the
emitted electrons?92%-33,
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As described in Protocol 3.3.1, secondary electrons are created once the 120 eV beam
electrons emitted from the filament reach the surface, causing the surface potential to
rise to become more positive than -120 V. In this case, the dust particles were mobilized
and lofted from the surface (Figure 3b). In 3.3.2, no dust movement was recorded. It has
been measured that the surface potential simply follows the filament bias voltage to
become -120 V?°. This is because the filament voltage starts very small, ie., the
corresponding beam electron energy is very low, and the secondary electron yield is
nearly zero so the surface potential equals to the energy of the beam electrons (in eV) to
stop them to maintain a zero-net current at the equilibrium state. The increment of the
filament voltage is gradual, compared to the plasma response, so that the voltage
increment is too small to create any secondary electrons. Therefore, the surface potential
follows the filament voltage, causing the beam electrons to be stopped from reaching the
surface and therefore suppressing the secondary electron emission. Again, this
experiment shows that the generation of secondary electrons significantly contributes to
the dust charging and transport process.

The dust hopping was recorded under the 172 nm UV radiation (Figure 3c). A
photoelectron sheath is created above the surface, in which the electric field is very small
~ 0.5 V/cm34, The electrostatic force due to the sheath electric field is therefore negligible.
As shown by Schwan et al.?’, lofted dust particles under UV radiation carry large negative
charges. This result contradicts the expected positive charge due to photoemission while
is in agreement with the “patched charge model” described below.

Long exposure of the dust particles under the UV radiation was also performed. Figure 4
shows the changes in the surface morphology as a function of time. The surface becomes
smoother and eventually flattens out, offering an efficient process for the dust ponds
formed on asteroid Eros (Figure 1b), for example.

The three experiments demonstrated above show that dust lofting occurs when photo
and/or secondary electrons are emitted from a dusty surface, and these emitted electrons
can be re-absorbed within the surface due to its roughness. The “patched charge model”
developed by Wang et al.?® was based on these two findings and is briefly reviewed below.

As shown in Figure 5, contrary to a smooth solid surface, microcavities are formed
between dust particles below a regolith surface. The top surfaces (blue patches) are
charged by photoionization due to UV radiation and/or plasma electrons and ions. There
are small openings between dust particles on the top surface. Some of the UV photons,
or electrons and ions can penetrate through these small openings onto the dust particles
below the top surface, creating photoelectrons and/or secondary electrons. Many of
these emitted electrons do not escape and are re-absorbed inside the microcavity and
deposit negative charges on the surfaces of the surrounding particles (red patches).

The charge on the blue surface patches is Qp oc Ep, where E, is the sheath electric field
above the dusty surface. The red patches are charged to Q; o« E;, where E; is the electric
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field inside the microcavity. Ep oc 1/ Ape, Where Ape is the Debye length while Er oc 1/r,
where r is the individual dust particle radius, approximately similar to the characteristic
size of the microcavity. Because of Ape >>r, Er >> E, and therefore Q; >> Q. The largely
enhanced negative charge Qr may create a large enough repulsive force between two
negatively charged particles, which ejects them off the surface. Large charge deposits (on
the order of 0.5 pC/m?) within a dusty surface due to re-absorption of photoelectrons are
also observed in a computer simulation?®.

FIGURE LEGENDS

Figure 1. Photos of two examples of the unusual surface phenomena related to
electrostatic dust transport. (a) The lunar horizon glow taken by Surveyor 7 spacecraft?
(NASA Photo). (b) Fine dust deposits in a crater, the so-called “dust pond” on asteroid
433 Eros taken by the NEAR-Shoemaker spacecraft®. Arrows and circle indicate pre-
existing toporgraphies. Square highlights a small isolated dust pond.

Figure 2. Experimental apparatus and setup. (a) Schematic of the experimental setup for
dust exposure to a thermal plasma with beam electrons, beam electrons only or UV
radiation only?®. (b) Picture showing the setup for the UV experiment inside the chamber
and (c) picture of the vacuum chamber.

Figure 3. Images of the trajectories of lofted dust?®. Exposure to (a) plasma with 120 eV
beam electrons, (b) 120 eV beam electrons, and (c) UV radiation, respectively. A blue box
in (a) highlights the trajectories of the lofted dust particles. A blue box in (c) highlights the
trajectory of a lofted dust particle with a zoomed view. The lofted dust particles include
aggregates as large as 140 um in diameter besides individual particles (38 — 45 um in
diameter). This figure has been modified from the paper by Wang et al.?®.

Figure 4 Time lapse of the surface change due to the dust moblization under the UV
radiation. The UV wavelength is 172 nm with the photon irradiance of 16 mW/cm? at the
dusty surface.

Figure 5 Patched charge model?®. A microcavity shown in the center is formed by
neighboring dust particles (grey circles). The blue surface patches are exposed to photons
and/or electrons and ions. They are charged to Qp and simultanously emit photo and/or
secondary electrons. A fraction of these emitted electrons are re-absorbed inside the
microcavity and accumulate on the red surface patches of the surrounding dust particles,
charging them negatively to Q..

DISCUSSION

For decades, the problem of electrostatic dust transport on the regolith of airless bodies
remained an open question how regolith dust particles gain sufficiently large charges to
become mobilized or lofted. Recent laboratory studies?®?” have fundamentally advanced
the understanding of this problem.
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Here, it is demonstrated three recently developed experiments to show dust charging and
mobilization in thermal plasma with beam electrons, beam electrons only or UV radiation
only. The key element in these experiments is to create secondary electrons or
photoelectrons to be emitted from dusty surfaces. As shown in the previous work?®, it is
likely that these emitted electrons can result in largely enhanced negative charges on the
dust particles due to their re-absorption inside the microcavities below the dusty surface.
The detailed mechanism is described with the recently developed and successfully
verified “patched charge model” 26?7,

In Protocol step 1 and 2, dust particles need to be directly exposed to beam electrons
with energies above 100 eV to create secondary electrons efficiently3. The bias voltage
to the filament should be set first, then increasing the heating voltage until the desired
emission current is reached, as described in Protocol 3.3.1. If dust particles are not moved
or lofted, it may indicate the dust surface potential follows the beam energy to become
so negative that the creation of secondary electrons is suppressed. This can be caused by
a wrong operation on setting the filament voltages, as described in Protocol 3.3.2.

In Protocol step 3, the wavelength of the UV lamp should be 170 nm or shorter so that
the energies of UV photons are significantly larger than the work function of the dust
surface in order to emit photoelectrons efficiently. Dust mobilization largely depends on
the cohesive forces between dust particles, which may vary with different compositions.
Mars simulant was shown to be the easiest to move.

These experiments show that dust particles (tens of microns in diameter) can jump up to
a few centimeters high. This height is equivalent to tens of centimeters on the Moon
surface, similar to the height of the lunar horizon glow. It is not clear whether the glow is
caused by the ballistic hopping or levitation of dust particles. These experiments suggest
that the former one is a more likely mechanism. It was shown that electrostatic dust
mobilization can lead to the formation of smooth surfaces, which may be relevant to the
dust ponds formed on asteroid Eros® and comet 67P1°, and the highly smooth surface of
Saturn’s icy moon Atlas??,

In conclusion, these experiments show that electrostatic dust transport is expected to
play a significant role in shaping the surfaces of airless planetary bodies and may be
responsible for a number of unusual surface phenomena. The methods demonstrated
here opened a door for more advanced studies including both laboratory experiment and
modeling in the future.
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Vacuum electrode feedthrough
Tungsten filament (0.1 mm thick)
Power supply #1 (0-8V, 3A)
Power supply #2 (0-140V, 0.5A)

UV lamp

Dust sample

Insulating plate

Rubber sheet

Metal plate

Ceramic stands

Video camera (consumer)
Video camera (high-speed)
LED lamp

Company
Any
Lesker
Goodfellow
Agilent
Agilent

Osram

Any

Any

Any

Any
McMaster
Panasonic
Phantom
Any

Catalog Number

NA
EFT0113053
W055250
E3610A
E3612A

XERADEX L40/120/SB-

SX48/KF50HV

Mars or Lunar simulants or

other types
NA

NA

NA
94335A130
HC-VX870
V2512

NA
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Comments/Description

Thoriated
Or equivalent
Or equivalent

Or equivalent

Irregularly-shaped, sieved, insulating
Thickness > 1 cm
Thickness > 1 mm

1/2" diameter

Or equivalent

> 1000 fps

> 500W Tungsten Equivalent
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1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JOVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in ltem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained hefein that are
not in conflict with such statute shall remain in fyll force and
effect, and all provisions contained herein that dp so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voite, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he| or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents gnd warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or,|if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigrjed, licensed,
or otherwise transferred to any other party.|The Author
represents and warrants that the author(s) listed [at the top of
this Agreement are the only authors of the Matefials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separatp Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors tg execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author Warrants that
the wuse, reproduction, distribution, public| or private
performance or display, and/or modification ¢f all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark], intellectual
property or other rights of any third party. | The Author
represents and warrants that it has and willf continue to
comply with all government, institutional| and other
regulations, including, without limitation all | institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, grocedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been|approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the|assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance withf the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absglute and sole
discretion and without giving any reason therefpre, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractgrs shall have
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method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,

filming, timing of publication, if any, length, quality, content

and the like.
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and/or its successors and assigns from and against any and all

claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations

contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the

breach by the Author of any representation or warranty

contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JOVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

Indemnification. The Author agrees to indemnify JoVE

ARTICLE AND VIDEO LICENSE AGRE

expense.

damages. Such indemnification and holding ha
include such losses or damages incurred by, or in
with, acts or omissions of JoVE, its employees
independent contractors.

12. Fees.
must receive payment before production and pul
Materials. Payment is due in 21 days of invoice,
Materials not be published due to an editorial o
decision, these funds will
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All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
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agents or

To cover the cost incurred for publi¢ation, JoVE
lication the
Should the
production
be returned to the Author.

Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is

not received by the completion of filming, production and

publication of the Materials will be suspended unt{l payment is

received.
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their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
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LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions



or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895 .html
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Terms and Conditions for Permissions

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1.

NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited in
the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source,
then you should also seek permission from that source to reuse the material.

Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.Where print permission has been granted for a fee, separate permission must
be obtained for any additional, electronic re-use (unless, as in the case of a full paper, this
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run).NB: In all cases, web-based use of full-text articles must be authorized separately
through the 'Use on a Web Site' option when requesting permission.

Permission granted for a first edition does not apply to second and subsequent editions and
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or where the first edition permission was granted for free).
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TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing

transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright

Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley

Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
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translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
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LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions



or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.
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The Creative Commons Attribution License
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transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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