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What is a dusty plasma?
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Dusty Plasma Parameter Space
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Why study dusty plasmas!?

CoKu Tau1 DG Tau B Haro 6-5B

IRAS 04016+2610 IRAS 04248+2612 IRAS 04302+2247

Young Stellar Disks in Infrared HST « NICMOS

PRC99-05a « STScl OPO
D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA
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Why study dusty plasmas!?

Gaseoué Pillérs - M16 | HST - WFPC2

PRC95-44a - ST Scl OPO - November 2, 1995
J. Hester and P. Scowen (AZ State Univ.), NASA
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Why study dusty plasmas!?

Comet Hale-Bopp/Kepler Obsér\)atory
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Why study dusty plasmas!?

Lunar horizon glow / NASA
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hy study dusty plasmas?

Baylor University

OLTP Seminar April 2,2024



Are other solar systems like ours?

* Rocky planets close to star
 Gas giants far away from star
» Liquid water on planet in the Habitable Zone

Credit: Lunar and Planetary Institute
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Circumstellar Disks

CoKu Tau1 DG Tau B Haro 6-5B

IRAS 04016+2610 IRAS 04248+2612 IRAS 04302+2247

Young Stellar Disks in Infrared HST « NICMOS

PRC99-05a « STScl OPO
D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA
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HL Tau

Image: Atacama Large Millimeter Array
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Dust in its natural habitat: Building Dust Bunnies
» Calculating charge on dust

* Modeling collisional growth of charged dust
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Relative motion of dust

Vertical settling

Brownian motion

Turbulence
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Grain Charging

Primary currents: electrons and ions

©
. °
Secondary electron emission /
Photoemission
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M Simulating dust charging

Jj = njejfoo .7'[(1 —i:—ﬁ) f(v)v3dvjcos(9) dQ

Umin,j

Q = Cos
Line of sight approximation
OML LOS

NN = Matthews & Hyde, NJP11, 063030, 2009
% ‘ Baylor University Matthews, Coleman, Hyde, IEEE Trans. on Plasma Sci., 2016 OLTP Seminar April 2, 2024



Aggregate Charge
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Charging time is fast compared to dust dynamics
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Incoming aggregate contributes to blocked lines of sight
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Charging time is slow compared to dust dynamics

Z-axis
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Asymmetric Potentials

Protoplanetary Disk Plasma Laboratory Plasma
a= 100 nm a =100 nm
(Q)=4.7e" (Q) =214 e~

% ‘ Bavlor Uni . Matthews, Shotorban, and Hyde, Astrophysical Journal, 776,201 3
aylor University Matthews, Shotorban, and Hyde, PRE, 97,2018 OLTP Seminar April 2,2024



Timescale of Charging vs Aggregate Dynamics

Neutral Time-averaged

Discrete Stochastic Fluctuations
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Differences in Aggregates

Stochastic charge fluctuations cause formation of elongated aggregates

Neutral Time-averaged DSC

' : Matth , Shotorban, and Hyde, PRE, 97,2018
% ‘ Baylor University atines, Shotorban, and Hyae OLTP Seminar April 2,2024



Dust/plasma interactions
Processes in protoplanetary disks
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Dust in the Lab:
Aggregates, dust crystals and self-ordering structures

m
www.BgyI
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Growing Aggregates in the Lab

Du, Thomas, Ivlev, Konopka, and Morfill, PoP 17 113710 (2010)

: : Matthews, Carmona-Reyes, Land, and Hyde, AIP Conf. Proc. 1397,397 (201 |
% ‘ Baylor University 4 Y f @01h) OLTP Seminar April 2,2024 26



Dipole Interactions

Rotation of Sticking Particles
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Rotation/Helical Motion

Camera with
telescope

ﬁ. Dust shaker

Upper electrode

¥y

Camera with
telescope

g
=
/ SR e 13.58 MHz

Gold-coated mf particles
d = 8.94 um

3000 fps
Rotational period ~ |5 ms

%‘ ‘ Baylor University

Yousefi, et al.,“Measurement of net electric charge and

dipole moment of dust aggregates in a complex plasma,’

Phys. Rev. E, 90(3),033101,2014.
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Rotation/Helical Motion: Numerical Model

t = 0.0005
spin=3-0.39.7

25 -2 -15 -1 -05 0 0.5 1 1.5 2 2.5
% 1074

Thermophoretic Force due to temperature gradient
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Dust Structure Formation in Experiments %
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Dust Structure Formation in Experiments
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: : Kong et al., Phys Rev E, 90,013107,2014
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Plasma Sheath

*All surfaces in a plasma are charged (negatively)

*Electrons repelled — density given by Boltzmann distribution

°lons accelerated from the bulk — density determined by continuity of flow
Difference in density allows electric field to exist

4 — + Plasma bulk
— = — E=0

nNe = n;

QQQQDust
E

=+

Plasma sheath
Tle < Tli
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lon Wake Field — Broken Symmetry

Plasma Bulk

lon flow

I

Electrode

% ‘ Baylor University OLTP Seminar April 2,2024



Wakefields

a) Water wake (troutnut.com) b) Wave cloud pattern in the wake of the lle Amsterdam
(NASA) c¢) Guitar Nebula wake behind a neutron star (Palomar Observatory) d) lon density
distribution in the wake of dust grains in a plasma with ion flow.
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|. Probing the lon Wake: In gravity
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Modeling lon Wake

flowing

*Accumulation of positive +
charge density t

>depends on:

lon Flow
Direction

* dust grain charge
g g P P

*ion flow speed

* presence of additional dust grains

ion
wake
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What we see in the lab; the dust

%107

NCoOr t = 0.0001
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B What we see in the simulation: lons and Dust

lon Density Electric Potential

Vgr = 0.4M Time =0.005s

V4 =04M Time =0.005s
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Plasma Kristal-4 Experiment on the ISS

Dust
Dispenser

(1of4) [ | pust
B[y | Particles .| TRl E—
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Fink, Thoma, and Morfill, Microgravity Science and Technology 23.2 (201 1)
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Modeling lon Flow in PK-4 MD code models loca

dust / ion dynamics
PIC/MCC code provides plasma densities and potential for experimental conditions
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Short time scales
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Comparison between PIC and PK-4

(a) simulation: 133 Pa, 3 mA
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BU-PK4 experiment is a mockup
of the actual PK4 onboard the ISS

: : Hartmann, et al., PSST, 2020
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Time-varying data from PIC model of PK-4
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Time-varying data from PIC model of PK-4
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Dust dynamics
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Dust motion in a central slice

Simulation data
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Equilibrium dust structure

Simulation data
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500
Compare Experiment
Crystal Order s
i SN, *
G(p (7" ) 9)
Probability of
finding a
particle at a
given location
500
250 -
0- & -
500  -250 0 250 500

X [pm]



Dust-dust interaction: broken symmetry

Plasma Bulk

lon flow

Electrode

KatrinaVermillion
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Point Wake Model

¢ = baust + Pwake

dust 4-7T60Td P /1D

P __aQq exo [
wake ™ Ameot, P Ap
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Gaussian Cloud Wake Model

¢ = baust + Pwake

baust = mexp .

X0

. aQd
bPwake = amtegAp M2 exp[p (x, Z)]

f(x,z) = —a(x — xo)z — 2b(x — x¢)(z — 2z9) — c(z — Zo)z

%‘ ‘ Baylor University
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Simulation Gaussian Wake Model
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Point Wake Model Gaussian Cloud Wake Model
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lon Wakefield changes based on dust separation
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The structure of the universe is wrapped up in the

structure of tiny dust particles.

Thank you for your attention!

Time for questions....
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