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Presenter
Presentation Notes
BIO:  JR Dennison is a professor of physics at Utah State University, where he has worked in the areas of materials physics, electron scattering, surface adsorption and disordered materials for the last eighteen years.  He received a BS from Appalachian State University 1n 1980 and a PhD from Virginia Tech in 1985.  Dennison has been involved in the study of space environment effects on materials for more than a decade and has established a state-of-the-art research laboratory for simulation and testing of these effects on materials.  The USU Materials Physics Group performs ground- and space-based testing of electrostatic and transport properties of both conducting and insulating materials, particularly electron emission and conductivity.  Most recently, the group has emphasized research on the effects of internal charging and contamination on these properties. 




IR Space Telescopes

» SDL’s Wide-field Infrared
Survey Explorer

* Herschel Space Observatory
e Spitzer Space Telescope

« James Webb Space Telescope

The James Webb Space Telescope will be a giantleap forward in our quest to understand the Universe
and our origins. The Webb will examine every phase of cosmic history: from the first luminous glows
after the Big Bang to the formation of galaxies, stars, and planets to the evolution of our own solar
system. The science goals for the Webb can be grouped into four themes:

The End of the Dark Ages: First Light and Reionization seeks to identify the
first bright objects that formed in the early Universe, and follow the
ionization history.

Assembly of Galaxies will determine how galaxies and dark matter,
including gas, stars, metals, physical structures (like spiral arms)and
active nuclei evolved to the present day.

The Birth of Stars and Protoplanetary Systems focuses on the birth and
early development of stars and the formation of planets.

Planetary Systems and the Origins of Life studies the physical and
chemical properties of solar systems (including our own) and where the
building blocks of life may be present.




What Is Different About JWST?

UtahState
o

Extremely Faint Objects
Large sensitive optics

Large Open Structure
Size and weight constraints
Minimal shielding
Large fluxes

Observations in IR

Penetration through intergalactic dust clouds

Optimized for (0.6 —28 um)

Very Low Temperature
Passive cooling
Virtually all insulators go to infinite
resistance—perfect charge integrators

Large Sunshield
Large areas
Constant eclipse with no photoemission

Stable, Low Light Environment
Orbit at L2
Large solar activity variations
In and out of magnetotail

Telescope

Primary Mirror (PM) T
u

module

Spacecraft Bus

Sunshield

Long Mission Lifetime (10-20 yr)
No repairs
Very long integration times

Complex, Sensitive Hardware
Large sensitive optics
Complex, cold electronics

Paradigm Shift in Design Methods

To big for conventional ground tests
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Presentation Notes
Show Video of JWST Unfurling
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Primary Motivation For Our Research—Spacecraft Charging

MATERIALS PHYSI

NASA'’s concern for spacecraft charging is caused by plasma
environment electron, ion, and photon-induced currents.
Charging can cause performance degradation or complete failure.

NASA
C-98-1529

Majority of all spacecraft failures
and anomalies due to the space

environment result from plasma-
iInduced charging e .,
« Single event interrupts of electronics (¥ .
« Arching ﬁe
. &
e Sputterin =
P g 1

»

Enhanced contamination

[ ]
- .E#'
3

Shifts in spacecraft potentials

National Aeronautics and Space Administration

C urren t I osses Solar panel damaged by localized charging event Laiita Raasarch Cariter
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~1/3 of all spacecraft failures and anomalies due to the space environment result from plasma-induced charging

The focus of this talk is how spacecraft interaction with the plasma environment causes charging.  We first focus on the physics of electron-induced electron emission and the net charge that results from incident and emitted electron fluxes.  Specifically, we will look at how charge build-up in insulating materials affects these fluxes.

Electrons play an very important role in spacecraft charging and are the focus of this presentation. Electrons generally move faster than spacecraft while ions do not.  Thus, even if electron and ion densities are equal, differential charging can occur on spacecraft surfaces. The majority of electrons are emitted leave with energies < 50eV and are termed secondary electrons (SE).  
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A Simplified Approach to Space Environment Interactions Modeling...
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Presentation Notes
Let us consider the abstract picture illustrated in Figure 1.  To develop a model of how the spacecraft charges in response to the space environment with codes such as NASCAP-2K, SPENVIS or MUSCAT [add refs from conference], we require three primary elements: 
(i) a description of the space environment that will influence the spacecraft charging, that is the electron, ion and photon fluxes impinging on the spacecraft as functions of incident particle species, number flux and energy; 
(ii) an engineering model of the spacecraft geometry and component composition; and 
(iii) a compilation of the properties of the component materials that quantify the materials’ response to incident fluxes.  
Let us assume that we have a reasonable working knowledge of the environment and the spacecraft geometry and composition (This is not always a valid or easily quantified assumption!).  Common modeling assumes that basic materials properties are static, most often using tabulated or terrestrial measured materials properties for Beginning of Life materials.  Often a range or statistical distribution of temporally varying environmental fluxes—for example, solar cycle variation or solar flares and coronal mass ejections—are considered.  Variations in the flux due to the spacecraft position or orientation—for example due to moving in and out of eclipse or the magnetosphere as a result of spacecraft orbits or rotations—are also often considered.  Such calculations can predict dramatic changes in both absolute and differential charging of the spacecraft [ref]  or electrostatic discharge [ref] that are well documented [ref].  



Simulating Space at USU

JWST

Sunshield
Space
Passive Cooling
Light Flux
Charge Flux
Low Flux
Mission Lifetime
(~20 yr)

USU Lab

Small Test Samples (~1 cm?)

UHV Chamber (~107 Torr)

Cryo Cooling (>30 K)

No Light (dark room & chamber)
Monoenergetic e-Beam (20eV to 30keV)
Low Flux (<0.05 nA/cm?to >500 nA/cm?)
Fountain of Youth and Pot of Au

=» Accelerated Testing
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Materials Physics Group Measurement Capabilities 23 vensune

ITHR~_University

MATERIALS PHYSICS GROUP

Electron Emission Photoyield Conductivity Radiation Induced Cond.
lon Yield Luminescence  Electrostatic Discharge Radiation Damage

Dependence on: Press., Temp., Charge, E-field, Dose, Dose Rate




USU Arc/Glow Test Configuration

e | Phase V-A Test Configuration

Oscilloscope

Oscilloscope

A

Pearson
Coil "
[l
’7 i SLR RGB
VAR D : Camera
DI 1 /
UV/Vis/NIR 7 1
Spectrometer 1
|
I Ammeter
1
NIR Video
Camera
HEED Gun
- Ch-;-;er [z Uvzstsn F Hsve Enpimmaem

Sample cooled with I-N, to 100-135 K.
Chamber walls at ambient.



Diversity of Emission Phenomena in Time Domain

22 keV

Ball Black Kapton
135K

Runs 131 and 131A

110 or 4100 uW/cm?
5 or 188 nAlcm?

Surface Glow

Relatively low intensity
Always present over full
surface when e-beam on

May decay slowly with

time

Edge Glow
Similar to Surface Glow,
but present only at
sample edge

“Flare”

2-20x glow intensity
Abrupt onset
2-10 min decay time

Arc

Relatively very high
intensity
10-1000X glow intensity
Veryrapid<lustols
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Glow Increases with Increasing Flux, Energy and Power A

YA UtahState

e Energy
A
M55J M55J
~110 uW/cm? ~4100 uW/cm?
~5 nAlcm? ~188 nAlcm?
22 keV 22 keV
135K 135 K
Run 122 Run 122A
M55J M55J
~35 uW/cm? ~1300 uW/cm?
~5 nAlcm? ~188 nAlcm?
7 keV 7 keV
128 K 128 K
Run 121 Run 121A
» ¢ Flux

» Surface Glow, Edge Glow, and Arcing Frequency are all found to increase with
increasing incident electron flux and energy.



A Simple Analogy for Corpuscular Charge Storage: gzt
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How full is the
bucket?

Problem complicated by:
® Theincident electron and ion
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 Charge interactions
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B Time scale for charge
transport and dissipation.

® Electrons as
particles

photons
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Three Critical Processes in Charging -

L niversity

Wi

ATERIALS PHYSICS GROU

Range Electron Yield Conduction

Depth electrons penetrate Conductivity determines
deposited charge layer

Is energy dependent TTTT
m movement

It's all about where the electrons are--n_(z)




Three Critical Processes in Charging

Range Electron Yield Conduction

Embedded Backscattered Secondary
Charge Electrons Electrons
Depth electrons penetrate C(:jondugtl\(/jltyhdeterrlnlnes
is energy dependent M eposited charge layer
movement
Vbias =0 Vbias <0 Vbias >0

It's all about where the electrons are--n.(z)




Charging of a Dielectric Coated Optical Mirror

Charqging Scenarios

® | ow Energy
B Grounded
B Ungrounded

Electron
Beam

® High Energy
B Grounded
B Ungrounded

Conducting Mirror

= 1 cm Mirror sample



Low Energy - Grounded

. Electron
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Vollage (V)




Low Energy - Ungrounded
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High Energy - Grounded

. Electron
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High negative net potentials led to breakdown
and arcing

TH/I_‘Q?F Ff—_"—[—r_r __— S.amplenA E
Beam Off -

2 ¢
TE’ 2F ]
3 After possible breakdown g
o Constant Charging region E
(I) IIIIIIIIII 10:00 IIIIIIIII 20|00 IIIIIIIII 30|00 IIIIIIIII 40|00 IIIIIIIII 50|00 IIIIIII



Example of POM Arc-Video

Sl UtahState
ITHR~_University
ROUP

Frame before Frame of
- arc arc

Frame after Difference between frame
arc before and frame of arc



An Extended Microscopic Model

Complete set of dynamic transport equations

] = q.n.(z,)u.F(z,t) +q.,D W {Sum of electron drift and diffusion current densities J;}

3
- F (z,t) = QeNtor /€€y {1D Gauss’s Law}

%n,(z,t)
dz2

dngor (2t 9
e @) _ ) 5, e (2 OF (z,)] = q.D

ot = Nex — Qo Mo (2, )40 (2, 8) + g M (£) [N (2) — 1, (2, £)]

{1D Continuity equation with drift, diffusion and source terms}

dnp(z.t)
i Ney — e 1o (2, )0y (2, t)
{1D hole continuity equation with Generation and recombination terms}
dn(z,et) €
= (et (z,t)[N:(z,€) —n.(z,¢&t)] — a.N,exp [— E] n,(z &, t)

{1D trapping continuity equation for electrons}

A quantum mechanical model
of the spatial and energy distribution of the electron states




Band Theory of (Crystalline) Conductors,
Insulators and Semiconductors

Lattice
Atom Density of Stat
Density of States Gruuns ﬂf Atﬂms ensity of >tates
1 y H H H H K
«a >
[— [ Conduction
—_—===l 7
S } Band gap |,
=== 7
******** ~ Valence
|
s Number of atoms —
3
) Conduction band _
2 . | Conduction band
P 6 eV Forbiddenband | 2
2 T Valence band 4
€ R Valence band
1s
Conductor Insulator

Semiconductor

Partially filled bands Completely filled bands Insulators at finite T
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FIG. 2.1.From single atoms to the density of states.Depicts the evolution of bands in a periodic arrangement of atoms (crystals) as atoms are brought together spatially.  Here a is the atomic spacing, ε is the energy of a state. is the lowest unoccupied molecular orbital, is the highest occupied molecular orbital,εCB is the conduction band (energy upper-bound), εVB  is the valence  band (energy lower-bound), N(ε) is the density of states and εf is the Fermi-level.
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Disorder introduces localized states
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Model of .

FIG. 2.4.The effects of disorder on the crystalline DOS.   (a) The DOS diagram for a simple crystal potential.  When the potentials of the wave functions are disturbed a spread of potentials is created of width W.  This leads of a spreading of the states at or near the CB edge into the gap, as shown in (b).  When strong disorder is introduced the concept, of CB or VB edges are no longer valid. The CB and VB edges are replaced with the disordered counterpart, the mobility edges.  (c) Periodic potential and resulting DOS distribution, with width W.  (d) Anderson model with random potentialadded to potential well depth and the resulting DOS distribution with wider width W
amorphous semiconductors:  there exists a “mobility edge” that separates delocalized (high mobility) and localized (low mobility) electron states in the valence (VB) and conduction (CB) bands
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Conductivity in Highly Disordered Insulation Materials

o(t) = ¢ T Ppotarization (1) + ODiffusion (8) + Opispersion (&) + P rransit (1) + 'i"_RII_"(t}

Polarization \ g2, et/ TPol
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Microscopic picture.

Figure.  The frequency dependence of the polarization or dielectric constant.  (bottom)  The dielectric constant decreases with increasing frequency of the applied electric field, as the response of the polarization mechanisms are unable to keep up with the more rapidly changing electric field.  Response times for typical materials are indicated in the graph.  (top)  Schematics of polarization mechanisms in order of decreasing response time, there are (a) distortions of the electron probability density around atoms, (b) distortion of the molecular charge density, (c) reorientation of dipolar moleculesto align opposite to the E-field, and (d) migration of charge to the material interfaces.  [After Figures ??? of Anderson.]




® .
Drift and hopping conductivity
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Microscopic picture.

Figure.  The frequency dependence of the polarization or dielectric constant.  (bottom)  The dielectric constant decreases with increasing frequency of the applied electric field, as the response of the polarization mechanisms are unable to keep up with the more rapidly changing electric field.  Response times for typical materials are indicated in the graph.  (top)  Schematics of polarization mechanisms in order of decreasing response time, there are (a) distortions of the electron probability density around atoms, (b) distortion of the molecular charge density, (c) reorientation of dipolar moleculesto align opposite to the E-field, and (d) migration of charge to the material interfaces.  [After Figures ??? of Anderson.]




Dispersive transport
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RIC and Luminescence
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Electron-Induced Luminescence of SiO, Mirror

Beam off Beam on
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So here’s a slice of NIR video footage of the luminescent behavior.  Notice the moment the electron beam hits the sample.


Luminescence: Excitation and Relaxation

Injected
Charge

VB
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In order to get an idea of what is happening, look back at the band model.  The SiO2 samples are crystalline structures with defects and therefore have trapped states.  When energetic electrons with enough energy hit the sample, VB electrons are excited into the conduction band, which can then relax into one of the defect states, emitting a photon of energy equal to the difference in energy between the CB and defect state.

The greater the energy of the incident electron, the more VB electrons it can excite to the conduction band.  Thus we would expect a higher energy beam to cause a luminescence of greater intensity. 


Luminescence: Effect of Beam Energy

Relative Glow Intensity

Arbitrary Time Scale

@ 1.63 SEOHHOOOOO00

£

=

= 1.61

—

%fﬁ 159 —— )
2 =

m

= 1.57

1]

oc O O CIITITITIT]
g 1.55 . . : . . .

(]

2 0 5 10 15 20 25 30
(W]

&5 keV
0200 eV



Presenter
Presentation Notes
This is exactly what happened, as this plot shows.  The relative intensity was normalized to the same baseline and the higher energy beam caused a noticeably greater intensity than the lower energy beam.
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Multi-Photon Luminescence
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The other two optical instruments introduce another phenomenon of the electron induced luminescence-it has a color.  This picture and spectrum, taken at RT, show a definite blue color, peak at ~550, and some slight red, peak @ ~620 nm.


Multi-Photon Relaxation
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Stepping back to the model, it is apparent that if there are varying defects, their corresponding defect state will have different energies.  This means that as electrons relax to two different states, two energetically different photons will be emitted.  In our case, SiO2 has varying defects that correspond to emitted photons of red and blue light.


.

Luminescence: Temperature Dependence

-4 C -80 C -110 C
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So now we look at one more parameter: temperature.  As temperature decreased, the glow from the SiO2 samples became less blue and more red.


SLR Spectral Radiance vs Temperature
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This plot is the processed SLR images showing the intensity of the red, green and blue as a function of temperature.  As seen with our eyes and the images, we see the blue increases with increasing temperature while red decreases.
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Again, the same results show in the spectra.  The most noticeable difference is in the red peak that jumps dramatically between -4 and -80 C.
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Temperature Model for Multiphonon Luminescence
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One last time, step back to the model.  At T=0, all electrons occupy energy levels below the Fermi energy.  As T increases, we have an effective fermi level above that of the fermi energy and the probability spreads out, becoming more and more linear with increasing T.

Now suppose there are two defect states that cause photons of red and blue to be emitted, as in our case.  The blue state will be below the red since a blue photon has greater energy than a red.  If that state is below the Fermi energy, then at T=0, that state will be full and any excited electrons will be unable to relax into that state.  Therefore, the el-induced luminescence will appear red.  As T increases, electrons with sufficient thermal energy can leave the blue state and begin to fill the red state.  Thus, excited electrons can now relax into both the red and blue states, giving the higher T samples a more blue glow. 
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Low Temperature Model
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One last time, step back to the model.  At T=0, all electrons occupy energy levels below the Fermi energy.  As T increases, we have an effective fermi level above that of the fermi energy and the probability spreads out, becoming more and more linear with increasing T.

Now suppose there are two defect states that cause photons of red and blue to be emitted, as in our case.  The blue state will be below the red since a blue photon has greater energy than a red.  If that state is below the Fermi energy, then at T=0, that state will be full and any excited electrons will be unable to relax into that state.  Therefore, the el-induced luminescence will appear red.  As T increases, electrons with sufficient thermal energy can leave the blue state and begin to fill the red state.  Thus, excited electrons can now relax into both the red and blue states, giving the higher T samples a more blue glow. 
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High Temperature Model

High T

- «—
. eff
Er
Injected |
Charge
L Eg e



Presenter
Presentation Notes
One last time, step back to the model.  At T=0, all electrons occupy energy levels below the Fermi energy.  As T increases, we have an effective fermi level above that of the fermi energy and the probability spreads out, becoming more and more linear with increasing T.

Now suppose there are two defect states that cause photons of red and blue to be emitted, as in our case.  The blue state will be below the red since a blue photon has greater energy than a red.  If that state is below the Fermi energy, then at T=0, that state will be full and any excited electrons will be unable to relax into that state.  Therefore, the el-induced luminescence will appear red.  As T increases, electrons with sufficient thermal energy can leave the blue state and begin to fill the red state.  Thus, excited electrons can now relax into both the red and blue states, giving the higher T samples a more blue glow. 


Luminescence: Conclusions

Color of Electron-Induced Luminescence

Gaussian Energy State e
Effective Fermi Level }— — —
Blue Red -
0 —=0 —max .
Fermi Energy - p—————
Low in between | in between

High | —halfmax | —>half max

Temperature (K)

* Identify specific defect mechanisms

* Quantify luminescence intensities, peak positions, and peak shifts with T
« Study initial time dependence as traps fill to Efeff

 Make lower T (<30 K) and higher (<400 K) T measurements



IR
S
YA UtahState

Materials Physics Group Measurement Capabilities e

Electron Emission Photoyield Conductivity Radiation Induced Cond.
lon Yield Luminescence  Electrostatic Discharge Radiation Damage

Dependence on: Press., Temp., Charge, E-field, Dose, Dose Rate
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Just adrop in the bucket...
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A quantum mechanical model
of the spatial and energy
distribution of the electron states
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Presenter
Presentation Notes
The Materials Physics Group has had an active research effort for the last dozen years studying spacecraft charging, the accumulation and dissipation of charge in materials resulting from their interaction with the space environment.  Our colloquium discusses this important practical application from a more basic science viewpoint, in terms of the interaction of energetic beams with materials and the transport of electrons through and out of the materials.  Ultimately we try to relate these processes to the exchange of energy from incident particles to electrons in the material at a basic quantum-level description of solid state interactions.  In particular, we will describe a number of experimental studies of electron emission and conduction from a wide array of materials.  Of particular interest are our most recent studies of charge accumulation and dissipation in highly insulating materials.  These studies involve novel techniques and instrumentation developed at USU to understand how internal distributions of accumulated charge effect subsequent electron emission and conductivity.
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