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Intrinsic Yield

What is it and why do you care?
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Intrinsic Yields

…the holy grail of 
spacecraft charging…

…Well, not actually a grail, but rather more 
like a largish cup not entirely devoid of 

knowledge and rather useful in understanding 
the flight of an African swallow….

What is it and why do you care?
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Measured Materials Properties 
Used in Spacecraft Charging 
Codes 
Charge Accumulation
• Electron yields
• Ion yields
• Photoyields
• Luminescence

Charge Transport
• Conductivity
• RIC
• Dielectric Constant
• ESD
• Range

ABSOLUTE values as functions 
of materials species, flux, 
fluence, and energy.

What do you need to know about the materials properties?

 NASCAP Parameter Value 
[1] Relative dielectric constant; εr  2.77 ± 0.1 

[2] Dielectric film thickness; d 2.5 μm 

[3] Bulk conductivity; σo  (1.0±0.5)·10-
19ohm-1·m-1  

[4] Effective mean atomic number <Zeff> 20.6 ± 0.5 

[5] Maximum SE yield for electron impact; δmax 1.10 ± 0.01 

[6] Primary electron energy for δmax; Emax  (0.17 ± 0.01) keV 

[7] First coefficient for bi-exponential range law, b1 1 Å 

[8] First power for bi-exponential range law, n1 1.70 ± 0.01 

[9] Second coefficient for bi-exponential range law, b2 0.32 ± 0.02 Å 

[10] Second power for bi-exponential range law, n2 0.47 ± 0.01 

[11] SE yield due to proton impact δH (1keV)   0.647 ± 0.001  

[12] Incident proton energy for δH
max; EH

max  (1000 ± 250) keV 

[13] Photoelectron yield, normally incident sunlight, 
σpho 

(4.88 ± 0.1) · 10-5 
A·m-2 

[14] Surface resistivity; ρs  2·1020 
ohms·square-1  

[15] Maximum potential before discharge to space; 
Vmax 

10000 V 

[16] Maximum surface potential difference before 
dielectric breakdown discharge; Vpunch  

850 V 

[17] Coefficient of radiation-induced conductivity, σr; 
k   

2· 10-15  ohms-1·m-
1  

[18] Power of radiation-induced conductivity, σr;  Δ  1 

[19] Density; ρ  (1.434 ± 0.02)·103 
kg·m -3 

Charging codes such as NASCAP-2K or 
SPENVIS and NUMIT2 or DICTAT.

NASCAP-2k requires 19 Materials Parameters:

Presenter
Presentation Notes
Basic materials properties as a function of species, flux, and energy lead to the familiar changes in potential and ESD as functions of flux changes, for example solar events or moving in and out of eclipse.How ever, the picture is much more complex.  We begin by asking “What specifically do we need to know about the materials properties?”  To describe charge accumulation we need to know the electron yields for incident electron, ion and photon fluxes; that is, how many electrons are emitted per incident electron, ion or photon.  To describe the subsequent rearrangement and dissipation of charge, we need to know the electron (or other charge carrier) transport properties including the dark current conductivity, radiation induced conductivity, relative dielectric constant, and electrostatic discharge threshold electric fields.  For static charging models these materials properties are most often considered as functions of incident and exit particle species, flux and energy.  
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Electron Yields Determine  Charge Accumulation
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Electron yields characterize a material’s 
response to incident charged particles.

Can be 0<σ>>1
Leading to + or - charging
• Depends on material
• Incident electron energy
• Temperature
• Charge

 Grounded conductors replenish net 
emitted charge in <ps

 Yields of insulators change as charge 
accumulates in sample.

 Intrinsic yield is the zero charge yield
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Total, BSE, SE yields of Au with Continuous Beam
Back Scattered Electron 

Yield(BSE)
– Electrons from beam
– Includes elastically scattered e-
– By convention, >50 eV

Secondary Electron Yield
– Electrons originating from the 

material 
– By convention, <50 eV

Total Electron Yield
– Sum of SE and BSE

Presenter
Presentation Notes
Here we see typical yield curves. the top one is a curve on GoldThe bottom is a curve on FEP teflon. By definition, electrons emitted with energies less than 50 eV are termed Secondary Electrons (SE), while electrons emitted with energies greater than 50 eV are termed Backscattered Electrons (BSE). When talking about electron yields, there are three flavors: BSE, SE, total.BSE: electrons originating from the beam, they are above 50 eV by convention,SE: originate from the material, electrons less than 50 eV by conventionTotal: the sum of BSE + SEHere are typical yield curves for gold (top) and Teflon (bottom)**There are two points of interest, the points where the total yield is one.
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Collector

Bias Grid

Inner Grid

Sample

•Pulsed low current electron source
•5 μs at 5 nA →~106 e-/pulse
•2.0*104 e-/mm2

•UV and Low Energy Electrons to 
discharge material after each pulse.

•Without discharge the yield would change 
from pulse to pulse due to electrons being 
reattracted to the charged sample surface.

Fully enclosed detector provides highly 
accurate absolute yields on insulators. 
1% on conductors and ~5% on insulators.

Low Fluence Methods for Insulator Yields
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Presenter
Presentation Notes
How do we measure insulators if they change every time we look at them?We use a HGRFA We then fire electrons in using a Pulsed Low Current Electron sourceThe key here is that was use a very short pulse, 5 micro second, containing only about 1 million electrons. The idea is that the sample wont change much with such a small dose of electrons. After the pulse we discharge the material using UV light and low energy electrons. Repeat the experimentIf we didn’t discharge, the charge on the sample would keep building up and would change the way the secondary electrons leave and change the yield.  
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Return current due to biasing leads to Modified Yields

 Positive Charging
E1<Eo<E2 with σ>1
Shifts emission spectra left
Depresses yield

Negative Charging 
Eo>E2 with σ<1
Shift emission spectra right
Enhances yield 

(a) Normal emission

Vbias = 0 Vbias < 0 Vbias > 0

Vbias > 0Vbias < 0Vbias = 0

(b) Non-normal emission
αc

To know the absolute surface potential one must 
know the absolute yield starting with no imbedded 
charge, i.e., THE ABSOLUTE INTRINSIC YIELD

Presenter
Presentation Notes
The most obvious effect of surface charging is on the electrons external to the sample.  The shaded regions of a typical SE emission spectrum show emitted SE affected by positive (Left) and negative (Right) charge build up.  The electric field from the positive charge region re-attracts the lowest energy SE emitted from the surface (gray region in figure), thereby establishing a shallow negative surface charge region.  Because typical SE energy spectra peak at ~3-5 eV, only a small net positive potential is required at the surface to attract sufficient electrons and thus reach current equilibrium [12]. 
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Charge Distribution for Surface Potential 
Under Electron Bombardment (DDLM) 

Dynamic Double Layer Model
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A. Melchinger, S. Hofmann, J. Appl. Phys. 78, 6224-32, (2003).
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Charge distribution is more complex:
• DDLM near surface
• Charge transport in RIC region
• Sample bias adds more complex 

charges and fields

Presenter
Presentation Notes
The thin-film capacitor geometry is a reasonable approximationsince charge deposition area Ao, which is given by the electronbeam radius Rbeam, is much greater than d, R, and λSEA double-chargedistribution (positive–negative) is formed where the positivelycharged region, from SE depletion, occurs betweenthe surface and λSE and a negatively charged region,from embedded incident electrons, occurs between thesurface and R.
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Gold Low-Yield Very Low Resistivity

CP1 Low-Yield Low-ResistivityKapton Low-Yield High-Resistivity

Cr Coated Mylar High-Yield Low-Resistivity

E1 E2

Data for Increasing Resistivity Samples
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Effects of Charge Accumulation on Poor” Insulator Yields
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(Left) Yield Curve in Transition—Pulsed total yield of anodized Al tends toward
unity as sample charges.

(Right) Yield Curve in Equilibrium—Pulsed total yield curve of RTV-silicone.
Yield fluctuates around unity: charged steady-state.
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Presenter
Presentation Notes
Charging Effect 4:  Yield goes to unity as charge accumulates.  Surface charge adjusts to limit the incident flux.(Left) Measurements for 1.3 µm anodized layer on an Al 2219 alloy sample. Even small charge accumulation was found to have substantial effect on yield curves.  Three consecutive first (●), second (▲), and third (■) pulsed-total yield curves (5 µs, 40-60 nA impulses) were taken without use of any neutralization techniques.  After just a few incident pulses, the subsequent yield curves were significantly dampened towards unity for E1<Eo<E2, even though the incident source was only depositing ~106 electrons/pulse over a beam-spot area of ~10-6 m2.  Treating the sample as a standard parallel plate capacitor (with an area of the beam spot), this amount of charge was estimated to change the surface potential by only 10-100 mV/pulse (positive).  However, a significant portion of SE’s are emitted with energies less than 5 eV such that a cumulative positive surface potential of just +1 V can significantly suppress escaping SE’s (see Figure at lower left). [RIGHT] Extreme case where sample has reached steady-state equilibrium charge.  Pulsed-total yield curve on RTV-silicone.  Yield fluctuates around unity: charged steady-state.
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Yield Decay Curve for Kapton
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200 eV

62% change over 50 pulses. 

Incident pulses:  
5 µs, ~25 nA, ~10 mm2, ~13 fC/mm2-pulse, ~1·106 e-/mm2-pulse

with neutralization

without neutralization

Presenter
Presentation Notes
What if each pulse contained 5 million pulses? It would be down hereWhat if contained less that I million would it go up and were would it plateau?
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Decay Curve for Al2O3

Allow charge to build up

Intrinsic (uncharged) yield is given when Q→0

Presenter
Presentation Notes
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To proceed we need a model for Vs(Qi)
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Combining all the pieces 
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Analytic solution for secondary electron yield as surface potential 
changes in response to incident charge.

Decay curve data
DDLM model for surface potential

Physics based model for yield SE 
recapture as a function of  incident 
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(b) 

Surface Voltage Relates to “Intrinsic” Yield Model
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“Constructing“ a Low-Fluence Yield Curve 

Measured Yield Decay 
Curves at:

Eo = 250 eV
Eo = 100 eV
Eo = 300 eV
Eo = 400 eV
Eo = 500 eV

~4 pC/mm2

~1 pC/mm2

~0.4 pC/mm2

~3 fC/mm2

Constructed Yield Curves 
at Charge Density of:

Presenter
Presentation Notes
Figure 3. Effects of accumulated charge on the electron emission of polyimide KaptonTM H. (c) Electrontotal yield decay curves as a function of incident charge density.18 Curves from top to bottom show yields atincident energies of 250 eV, 100 eV, 300 eV, 400 eV and 500 eV with asymptotic limits to the yield at large chargefluence of 1.2, 1.0 1.0, 1.2 and 1.1, respectively. Curves have been offset vertically by values of +1.0, +0.5 0.0, -0.2and -0.5, from top to bottom respectively, to separate the data for clarity. (d) Composite total electron yield curvesestimated from data from the total yield decay curves in (c). Curves, from top to bottom at ämax, are for total yieldsfrom the decay curves at charge fluence densities of ~4pfC/mm2, ~1 pC/ mm2, ~0.4 pC/ mm2, and ~3 fC/ mm2,respectively.
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Predicted Yield Curves at Various Surface Potentials

•Measured Yield

•Analytic Prediction as Q→0

•Analytic Prediction as 
Vs= 0, 2, 5, 10, 20 V

•Notice Predicted Duel-Peak
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Enhanced Low Fluence Methods for Insulator Yields

Hemispherical Grid Retarding Field Analyzer 
Electron Emission  Detector
o charge neutralization with low energy (~5 eV) e- and UV 
o 10 eV to 30 keV incident electrons
o Precision absolute yield

o ~1-2% accuracy with conductors
o ~2-5% accuracy with insulators

o fully enclosed HGRFA for emission electron energy discrimination.
o measures all currents
o in situ absolute calibration\
o in situ surface voltage probe
• multiple sample stage
• ~100 K < T < 400 K
• reduced S/N
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• Faster pulsed electron beam
• Fast Low-Current Measurement
• Monitoring 6 detector element 

currents, separately biased
• Electron yields calculated from 

integrated current traces 

𝜎𝜎 = 1 −
∫ [𝐼𝐼𝑆𝑆 + 𝐼𝐼𝑆𝑆𝑆𝑆 + 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐵𝐵𝐼𝐼 + 𝐼𝐼𝐷𝐷𝐷𝐷]𝑑𝑑𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∫ [𝐼𝐼𝐶𝐶 + 𝐼𝐼𝑆𝑆 + 𝐼𝐼𝑆𝑆𝑆𝑆 + 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐵𝐵𝐼𝐼 + 𝐼𝐼𝐷𝐷𝐷𝐷]𝑑𝑑𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

Enhanced Low Fluence Methods for Insulator Yields
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This is not impressive!!!

Initial Total Yields Curves of BN Near E1
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Comparison of Linear Fits Comparison of Semilog Fits

Improved Total Yields Curves of BN
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• Determine yield with pointwise 
method evaluated at each (or at 
least just a few) points of current 
traces

•Current analysis should show 
yield changes in one pulse. (~1% 
of total pulse charge)
• ~30 ns, ~5 nA, ~0.1 cm2, 
• ~160 fC/cm2-pulse,
• ~2·103 e-/cm2-pulse

• Initial Au data should show no 
charging effects and recover Au 
conductive yields

• Finally hope to see the zero 
charge plateau  of the intrinsic 
yield…that holy grail!!!

Pointwise Yield Method Slides
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USU Materials Physics Group

USU MPG 
Webpage

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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