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NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

Project Overview
PROJECT GOAL 

The goal addressed by this project is reduced DC power for high data rate RF communications by increasing the efficiency of traveling Wave Tubes (TWT) for RF communication, which are used
by most space missions for communication and radio science at microwave frequencies. The capability needed is a robust electron collector surface with a secondary electron emission lower than
ordinary graphite, which is the state of the art. While it is known that replacing a smooth surface with a textured one will reduce secondary electron emission, no robust textured surface is known.

Carbonized polyimide aerogels promise the necessary robustness along with reduced secondary electron emission, allowing further improvement of TWT efficiency, achieving a very good return 
on the low investment made.  Aerogels are known to be robust materials, and carbon aerogels are expected to have low secondary electron emission because of their open surface structure. The
objective of this proposal is to demonstrate the low secondary electron emission of carbon aerogels and their robustness. 

TASK DESCRIPTION: 

The objective of the measurements conducted as part of this study is to provide measurements of electron emission of specific coating materials.  The Utah State University (USU) Materials
Physics Group (MPG) will performed the measurement of total, backscattered, and secondary electron yield and electron emission spectra for the carbon spacecraft materials.  

For Phase I measurements he MPG will measure the total, secondary, and backscatter yields of approximately four conductive carbon aerogel materials, with thicknesses well in excess of the
range of 30 keV electron used for emission tests.  Measurements will be made in the MPG Electron Emission Test Chamber, at a base pressure vacuum <10-8 Torr. State-of-the-art pulsed-yield 
methods developed at USU for measuring the yields of highly charged samples using their Hemispherical Grid Retarding Field Analyzer will be used. Typical ~10 nA/cm2, ~5 s, ~0.5 nJ pulses will
minimize any sample heating of the thin filament aerogels. Yield measurements will be made at approximately 30 energies from ~20 eV to ~30 keV at room temperature. The first and second
crossover energies, maximum yields, and energies of maximum yields will be determined. Measurements will be made of the electron emission spectra. Standard analysis and error analysis of
the yields will be made, including parameterized fits (including NASCAP fits) to the total, secondary, and backscatter yield curves and the emission spectra.  

The two materials deemed most promising will be evaluated at two additional thicknesses, a thin sample with thickness less than the range of incident electrons at the energy of maximum total
yield and an intermediate thickness. These two promising materials will also be subjected to a typical launch vibration profile on a shaker table and subsequently re-evaluated to determine if
there are any effects from intense vibration. 

A subsequent set of measurements is proposed for Phase II follow up studies to evaluate the effects of aerogel heating on electron emission. Pulsed electron yields and emission spectra of the
two promising materials will be tested at elevated temperatures of ~400 K and ~500 K. Electron yields and emission spectra of samples of these materials will also be made using continuous
current methods at ~1 nA/cm2, ~10 nA/cm2, ~100 nA/cm2; current densities will be chosen to produce significant Joule heating of the aerogel surface which will have reduced thermal conductivity 
due to the filament nature of the samples. Sample and substrate temperatures will be monitored by both thermocouples and non-contact IR thermometry. 
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Project Approach/Plan
• Obtain carbon aerogel samples with varying parameters
• Measure secondary electron emission from aerogel samples

Key Milestones and Dates
• Aerogel samples ordered November 2016
• First secondary electron measurements February 2017
• Secondary electron measurements complete May 2017
• Final Report September 2017

NASA Team Member(s)
• Dale Force/LCF
• Marie Piasecki/LCF
• Dr. Maryann Meador/LMN

External Partner
• Dr. J. R. Dennison/Utah State University

ROM Estimate - Civil Servant Hours: 0.4 FTE
ROM Estimate - Procurement Cost ($K): 50

Technology Readiness Goal
Starting TRL: [ 2  ]
Target/Ending TRL: [ 5  ] 

Key Technical Challenge(s)
• Obtain a variety of aerogel samples for measurement
• Make secondary electron emission measurements
• Determine best aerogel for electron collector use

Infusion Strategy/Plan
• Work with L-3 TWT groups to demonstrate use of aerogels in

TWTs to reduce secondary electron emission and increase
efficiency. L-3 is the sole US manufacturer of space TWTs

Anticipated Benefits
• Reduced power use in space TWTs for NASA, DOD, and

commercial missions
• Reduced power use in electron beam devices in all environments

Project Vision/Description
• To use carbon aerogels to increase the efficiency of traveling

wave tubes (TWT) for space missions.

Project Goal
• To demonstrate that carbon aerogels are a robust materials to

reduce secondary electron emission energy losses

Project Objective
• Measure secondary electron emission from carbon aerogels

Strategic Alignment
• SMD, HEOMD, TA 5.2.2, High Data Rate Communications
• High Data Rate Communications, TA 5.2.2
• Communications Technology & Development, Lead Center TWT

Secondary Electron Suppression with Carbonized Aerogels
GRC Lead/PI: Dale Force

Carbon Aerogel Block

Tests Completed

• Electron Yield Measurements
• Low energy (15-5000 eV)
• High energy (7.5-30 keV)

• Electron Emission Energy Spectra
• Measured emitted kinetic

energies of 0-60 eV
• Samples Tested

• CRF Aerogel
• POCO Foam
• Glassy Carbon
• Graphite
• Carbon Fiber
• Carbonized Polyimide
• HOPG (USU Sample from Union

Carbide)
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Conclusion Based on Measured Yields

Overall Results
• Samples all have similar TEY, BSEY and SEY
• All carbon samples have same low Emax of ~250-350 eV.  These are somewhat higher than the HOPG Emax of ~190 eV.
• Poco Foam has the best overall low TEY max performance

SEY Yields
• Poco Foam and CRF Aerogel have the best overall SEY max performance
• Poco Foam and HOPG have the lowest SEY max >1000 eV
• CRF Aerogel and HOPG have the lowest SEY max <400 eV
• Carbonized Polyimide has somewhat higher SEY max than other materials

BSEY Yields
• All samples have BSEY >1000 eV that are similar to HOPG, which is a very low yield material
• Poco Foam and CRF Aerogel have BSEY <1000 eV that are lower than other materials
• Carbon Fiber and Carbonized Polyimide have BSEY <1000 eV that are somewhat higher than other materials

TEY Comparison
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SEY Comparison

BSEY Comparison
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Sample Preparation and Characterization
Sample Photos
Electron Range
Sample Preparation
SEM/EDX Measurements 
Optical Reflectivity Measurements 

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

NASA/GRC Samples -- As Delivered 8/15/17

The right sample is labeled cRF (500mg/cc); 
it is approximately 1.390” (35.3 mm) 
diameter and 0.138” (3.47 mm) thick.

The left one is unlabeled; it is 1.010” (25.6 mm) 
diameter and 0.196” (4.97 mm) thick with rough 
surfaces that appear to show saw marks.
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NASA/GRC Samples -- As Delivered 9/14/17

Carbonized Polyimide Aerogel 120 Carbon Foam /
Carbon Composite

Poco Foam

Glassy Carbon cRF Carbon Fiber Ordinary Carbon

NASA/GRC Samples -- As Delivered 9/14/17

Carbonized 
Polyimide Aerogel

P-120 Carbon
Foam / Carbon
Composite

Poco Foam

hg08m10-
Polyimide
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Thickness Measurements
• Measurements made using a Mitutoyo micrometer (Model IP-

65), with a resolution of 
• LAM samples were held in the calibrated USB calipers around

the outer edge of the sample for thickness measurements.
• A total of six measurements were taken for each sample.
• Places at or near the outer contact spot were avoided when

taking measurements.
• Measurements were entered into an Excel template that

calculated the average, St. dev, St. dev of the mean, and
fraction of uncertainty for each sample.

Sample Thickness 

Sample Preparation and Characterization
Sample Photos
Electron Range
Sample Preparation
SEM/EDX Measurements 
Optical Reflectivity Measurements 

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report
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Relevant Materials Electron Range Curves

The maximum electron range is calculated from 
the input parameters listed in the table 
(stoichiometry, density, band gap) using the 
methods described in Wilson (see below).  The 
range calculated in this way is typically about 
twice the penetration depth for electron at a 
given energy.

Gregory Wilson and JR Dennison, “Approximation of Range in Materials as a 
Function of Incident Electron Energy,” IEEE Trans. on Plasma Sci., 40(2), 305-
310 (2012). DOI: 10.1109/TPS.2011.2176515

Anne Sterley, Gregory Wilson, Lisa Phillipps and JR Dennison, “Predictive 
Formula for Electron Penetration Depth of Diverse Materials over Large Energy 
Ranges,” Proceedings of the 14th Spacecraft Charging Technology 
Conference, Space Research and Technology Centre of the European Space 
Agency (ESA/ESTEC), (Noordwyk, Netherlands, April 4-8, 2016), 2 pp.

Electron Range Model

Simple model of the incident 
energy dependence of 
electron penetration depth in 
materials

Gregory Wilson and JR Dennison,
“Approximation of Range in
Materials as a Function of Incident
Electron Energy,” IEEE Trans. on
Plasma Sci., 40(2), 305-310 (2012).
DOI: 10.1109/TPS.2011.2176515
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Sample Preparation and Characterization
Sample Photos
Electron Range
Sample Preparation
SEM/EDX Measurements 
Optical Reflectivity Measurements 

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

Sample Preparation and Treatment

• All samples underwent the following preparation:
• Cut to fit on sample blocks.
• Ultrasonic cleaning in methanol
• Baked out in <10-3 Pa vacuum at ~110 °C for >48 hrs.
• Stored in dry nitrogen glove box until they were put in test chamber

• The test chamber was:
• Pumped down to ~10-7 Torr (takes ~3 days)
• Tests performed at room temperature

All test samples will be provided by GRC. Details of the sample size and preparation 
will be determined through consultations between GRC and USU. Basic 
characterization measurements will be made of each sample including mass, density, 
and thickness. Examinations with optical microscopy and scanning electron 
microscopy will be made before and after electron emission tests. All samples will be 
characterized and will undergo vacuum bakeout at USU prior to any electron 
emission measurements. 
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Vacuum Bakeout Specifications
• ~10 liter vacuum chamber mounted inside bakeout oven (Blue M Isallotherm Gravity Oven Model 70)
• Vacuum chamber pumped by mechanical/diffusion pump system to <10-3 Pa. Equipped with (optional) cold

trap.  Pressure monitored with vacuum thermocouple and Bayard-Albert ionization gauges.
• Sample temperature maintained at ±1 K over room temperature to 525 K (250 C).
• Temperature monitor with Type K thermocouple and recorded using a custom LabVIEW VI (front panel shown in

figure).
• Typical bakeout is at 380 K (107 C) and 5x10-4 Pa for ~72 hr.
• Typical plot of bakeout curve shown at left.

Vacuum Bakeout Oven-Typical Results
ViaSat materials samples were subject to a vacuum bakeout prior to all measurements. 

(Left).  Bake-out 
chamber, showing 
pumping station, 
oven, and computer.

(Top Right). 
Chamber in oven,  
showing: (A) 
vacuum connection, 
(B) main valve, (C)
Type K
thermocouple.

(Bottom Right). 
Chamber outside 
oven.

Vacuum Bakeout Oven-Instrumentation
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Samples were then 
stored in a dry nitrogen 
gas filled glove box 
until they were used.

Sample Storage--Dry Nitrogen Glove Box
After Bakeout: 

Sample Preparation and Characterization
Sample Photos
Electron Range
Sample Preparation
SEM/EDX Measurements 
Optical Reflectivity Measurements 

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report
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Sample Preparation and Characterization
SEM/EDX Measurements of carbon samples

Objectives of SEM/EDX Measurements
• Explore surface morphology to help determine the effects of surface

roughness on electron yields
• Measure chemical composition of sample surfaces with EDS
• Look for evidence of changes in surface chemistry with depth with

energy dependent EDS measurements
• Look for mechanical damaged caused by shake tests

SEM/EDS Analysis
• FEI Quanta FEG 65 field-emission scanning

electron microscope (FE-SEM)
• Structural analysis with resolution of ~3 nm
• Low vacuum and environmental modes

available for samples susceptible to charging
• SEM measurements will provide information

about surface roughness
• Energy dispersion spectroscopy (EDS)

provides elemental analysis of near surface
features and is useful for identification of
contamination with elemental concentration
resolution of ~0.3%

• Electron backscatter diffraction (EBSD)
provides information about crystalline
structure of the samples.

SEM/EDS Measurement Capabilities

FEI Quanta FEG 65 field-emission scanning electron microscope (FE-SEM) 
at the USU Microscopy Core Facility.
http://rgs.usu.edu/microscopy/instruments/scanning-electron-microscope/
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Samples shown mounted in SEM on carousel 

Titanium Nitride

Customer Sample

Sample Preparation and Characterization
SEM Measurements of samples

Summary of SEM Measurements and  Results

• Six carbon samples studied plus a reference HOPG sample
• Data acquired
• SEM images taken in High Vacuum Mode using the ETD detector using various incident

electron energies between 5-30 keV
• EDS measurements also taken for chemical composition at energies between 5-30 keV

Sample Preparation and Characterization
SEM /EDX Measurements of carbon samples
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5 keV electrons, magnification of carbon spot

• 20 keV, magnification of cracks in surface

Titanium Nitride SEM Images

Sample Preparation and Characterization
SEM /EDX Measurements of carbon samples

• Mostly Ti and N in roughly equal parts, as you would expect.
• Some C, O and Si contamination
• Lowest energy (5 keV) is most surface sensitive

Titanium Nitride ESD Images: 5 keV

Sample Preparation and Characterization
SEM /EDX Measurements of carbon samples
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• Small spots are indeed carbon buildup on the surface

Sample Preparation and Characterization
SEM /EDX Measurements of carbon samples

Titanium Nitride ESD Elemental Maps: 5 keV

• Higher magnification image of C spots
• Mostly Ti and N, as you would expect.
• Much more C contamination in particles
• Si and O also present

Titanium Nitride ESD Images: 5 keV

Sample Preparation and Characterization
SEM /EDX Measurements of carbon samples
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Sample Preparation and Characterization
Sample Photos
Electron Range
Sample Preparation
SEM/EDX Measurements 
Optical Reflectivity Measurements 

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

Measurements of optical transmission and
reflectivity can be made using a fiber optic
coupled deuterium/tungsten halogen light
source (see Fig. 4). The reflectivity
spectra will be made with a coupled pair of
fiber optic UV/Vis/NIR spectrometers over
a wavelength range of ~250 nm to ~1600
nm with a 0.5 nm to 3 nm resolution. A
fiber optic-couple integrating sphere will be
used for diffuse reflectivity measurements.
A full analysis and error analysis will be
provided.

Optical Transmission/Reflectivity

NASA/CR-20240012465 18



Electron Emission Test Results
Instrumentation
Yield Models
Electron Yield and Emission Spectra Measurements
Comparison with Previous Studies and literature values
Comparison of USU data for Yield standards (Au and HOPG graphite)

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

USU MPG Electron Emission Test Chamber

CF
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USU Pulsed Yield Electron Emission Test Chamber
The USU system for measuring electron emission uses a

fully encased hemispherical grid retarding field analyzer
(HGRFA) detector for full capture of the emitted electrons, with a
retarding-field analyzer grid system for emitted electron energy
discrimination [5,6].  Use of a HGRFA detector facilitates high-
accuracy measurements of absolute yields on the order of ±2%
for conducting samples and yields on insulators with errors of
±5%. [2,7]. It also allows the application of bias to each of the
discrete elements of the detector [7]. These biases allow for the
discrimination of secondary and backscatter electrons and the
measurement of the electron emission spectra. A 0 V bias on the
retarding grid allows all emitted electrons to be detected and the
total yield to be measured.  A 50 V bias applied to the retarding
grid allows only the BSE to reach the detector, thus giving the
BSE yield. The secondary yield is then determined as the
difference of the total and BSE yield measurements. Full electron
emission spectra can be obtained using the same apparatus, with
the retarding grid stepping through a range of voltages [6].

Figure 1. Electron Emission Test (EET)
ultrahigh vacuum surface analysis chamber used
for space environment simulation and charged
particle scattering studies at Utah State University.

Sample Installation onto Carousel
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Electron Emission Test Results
Instrumentation
Yield Models
Electron Yield and Emission Spectra Measurements
Comparison with Previous Studies and literature values
Comparison of USU data for Yield standards (Au and HOPG graphite)

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report

Electron Yield Measurements

• Total yield is defined as the ratio
of emitted electrons per incident
electron, or

• Two other yields are defined for
the two types of emitted electrons

• Secondary electrons

• Backscattered electrons

NASA/CR-20240012465 21



SEY Yield Model
1D SEY Model

BSEY 3Param Fit

Parameters:
m- left slop on a log graph
(m-n)- right slope on a log graph

- vertical shift of left side on a log graph
- vertical shift of right side on a log graph

Parameters
Emax- energy of max BSEY
mix- maximum BSEY

0- asymptotic BSEY for large incident energies.

Simple 1D Yield Model 
Fitting Functions

BSEY Yield Model

Other SEY Models

• SEY3DFit

• Sternglass

• Dionne

• Hastings

• Feldman

NASA/CR-20240012465 22



NASCAP BSEY Model

This model only has one free parameter and doesn’t fit most 
BSEY data very well. 

The 3 Parameter BSEY model was developed to allow us to fit 
more BSEY data.

Emitted Energy Distribution

• Electrons are differentiated by
their origin from a theoretical point
of view.

• BSE originate as primary incident
electrons.

• SE originate from within the material.

• Empirically, emitted electrons are
differentiated by measuring their
kinetic energies. By convention:

• SE <50 V
• BSE > 50 eV.

(SE) (BSE)

• SE are fit with the Chung-Everhart model
• BSE are fit as a gaussian, centered at the

incident energy, Eoh.
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Emitted Energy Distribution

• Chung-Everhart model for SE energy
distribution
(den/DE)SE(E) = A ·(E - E0) / ((E - E0) + X)4

• Gaussian function fit for BSE energy
distribution
(den/DE)BSE(E)= y0 + Apex(-((E-E0)/ E)2)

• Measuring the emitted electron energy
distribution allows us to model the
evolution of electron yield for varying
surface potentials (i.e. for insulators, or
floating conductors).

Electron Emission Test Results
Instrumentation
Yield Models
Electron Yield and Emission Spectra Measurements
Comparison with Previous Studies and literature values
Comparison of USU data for Yield standards (Au and HOPG graphite)

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report
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Yield Measurements

• Yield measurements were made:
• using 10 electron beam pulses (3 s) per beam energy
• integrating the incident and emitted charges
• combining results using equations from slide 38.

• Conservative uncertainties (precision) were estimated using the 
standard deviation of the 10 pulses for each energy.

TEY Comparison
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SEY Comparison

BSEY Comparison
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Yield Features

HOPGCarbonized PolyimideCarbon FiberGraphiteGlassy CarbonPOCO FoamCRF Aerogel
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0.0007±0.00580.0003±0.00310.0002±0.00250.0003±0.00330.0003±0.00290.0005±0.00380.0002±0.0024

9±10410±17010±20010±16010±18010±14010±200Emax[eV]

Ha
st

in
gs

0.04±1.340.07±2.060.05±1.560.05±1.50.05±1.450.04±1.080.03±1.12Max

7±12310±19010±22010±18010±20010±17010±210Emax[eV]

Fe
ld

m
an

0.04±1.450.07±2.250.06±1.670.06±1.610.06±1.550.04±1.180.03±1.14Max

0.08±1.950.08±1.940.09±20.1±20.1±20.09±1.930.08±2.2c2

1.312.021.51.481.381.061.12Max

Na
sc

ap

0.120.2180.2360.20.2510.1510.189Emax[keV]

0.4271.090.7940.6481.20.6840.681RC1

0.5610.7110.4980.440.5990.6340.498RExp1

1111111RC2

1.721.841.661.761.861.771.52RExp2

0.009±0.0230.01±0.030.015±0.040.008±0.0320.01±0.030.006±0.010.006±0.0210

Na
sc

ap

BS
EY

 F
its

0.01±0.110.01±0.150.02±0.150.01±0.120.02±0.130.007±0.0780.007±0.087Max

3 
Pa

ra
m

140±60060±330120±350140±600160±500100±34050±230Emax[eV]

0.009±0.0420.008±0.0550.015±0.0610.01±0.050.014±0.0470.005±0.0470.004±0.0590

NASA/CR-20240012465 27



Emission Spectra Fits

HOPGCarbonized PolyimideCarbon FiberGraphiteGlassy CarbonPOCO FoamCRF Aerogel

7±15310±12010±23010±13211±874±1105±113A

Ch
un

g 
Ev

er
ha

rt
SE

 D
ist

rib
ut

io
n

0.09±5.360.2±4.70.1±6.50.2±50.2±4.50.06±4.60.08±4.62

0.02±0.920.06±1.570.03±1.220.04±1.290.08±1.130.02±0.02±1.1Eoffset

0.0007±0.00150.0003±0.00110.0004±0.00150.0004±0.00080.002±00.0003±0.00080.0004±0.0011Yoffset

Ga
us

sia
n 

Fi
t

BS
E 

Di
st

rib
ut

io
n

0.0012±0.01410.0007±0.01070.0008±0.01750.0007±0.0140.002±0.0410.0005±0.01480.0008±0.0141A

0.16±53.680.1±53.60.08±54.20.1±53.680.1±53.20.07±53.780.1±53.7Ebeam

0.3±2.60.2±2.30.1±2.20.2±2.60.3±3.80.1±2.50.2±2.4Width

CRF Aerogel
Yield Results

TEY Features:
E1=135 ± 5 eV
E2=610 ± 10eV
Emax=280 ± 50 eV

max=1.14 ± 0.02

SEY Features:
E1=180 ± 20 eV
E2=470 ± 30eV
Emax=280 ± 50 eV

max =1.06 ± 0.04

Best Fits
SEY 1D 
BSEY 3 Parameter 
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CRF Aerogel 
Fits Performed

SEY ChiSq
0.0128SEY 1D
0.0143SEY 3D
0.677Sternglass
0.151Dionne
0.151Hastings
0.145Feldman

BSEY ChiSq
0.0150BSEY Nascap

0.00445BSEY 3 
Parameter

CRF Aerogel 
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 113 ± 5
X = 4.62 ± 0.08
E0 = 1.10 ± 0.02

Gaussian Fit (BSE Distribution)
y0 = 0.0011 ± 0.0004
A = 0.0141 ± 0.0008
E0 = 53.7 ± 0.1
width = 2.4 ± 0.2
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Poco Foam
Yield Results

TEY Features:
E1=97 ± 5 eV
E2=440 ± 20eV
Emax=240 ± 30 eV

max=1.12 ± 0.02

SEY Features:
E1=140 ± 10 eV
E2=370 ± 40eV
Emax=230 ± 40 eV

max =1.04 ± 0.02

Best Fits
SEY 1D 
BSEY 3 Parameter 

POCO Foam 
Fits Performed

SEY ChiSq

0.0189SEY 1D

0.0191SEY 3D

0.301Sternglass

0.330Dionne

0.330Hastings

0.215Feldman

BSEY ChiSq

0.0154BSEY Nascap

0.00720BSEY 3 
Parameter
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Poco Foam
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 110 ± 4
X = 4.60 ± 0.06
E0 = 0.87 ± 0.02

Gaussian Fit (BSE Distribution)
y0 = 0.0008 ± 0.0003
A = 0.0148 ± 0.0005
E0 = 53.78 ± 0.07
width = 2.5 ± 0.1

Glassy Carbon
Yield Results

TEY Features:
E1 = 56 ± 3 eV
E2 = 1060 ± 30 eV
Emax = 290 ± 40 eV

max = 1.5± 0.2

SEY Features:
E1 = 62 ± 4 eV
E2 = 930 ± 70 eV
Emax = 280 ± 50 eV

max = 1.4 ± 0.2

Best Fits
SEY 1D 
BSEY 3 Parameter 
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Glassy Carbon 
Fits Performed

SEY ChiSq
0.0237SEY 1D
0.0251SEY 3D
0.638Sternglass
0.505Dionne
0.505Hastings
0.384Feldman

BSEY ChiSq
0.0671BSEY Nascap

0.0498BSEY 3 
Parameter

Glassy Carbon
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 87 ± 11
X = 4.5 ± 0.2
E0 = 1.13 ± 0.08

Gaussian Fit (BSE Distribution)
y0 = 0.000 ± 0.002
A = 0.041 ± 0.002
E0 = 53.2 ± 0.1
width = 3.8 ± 0.3
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Ordinary Graphite
Yield Results

TEY Features:
E1 = 46 ± 5 eV
E2 = 1000 ± 30 eV
Emax = 260 ± 50 eV

max = 1.5 ± 0.1

SEY Features:
E1 = 50 ± 5 eV
E2 = 850 ± 50 eV
Emax = 240 ± 50 eV

max = 1.4 ± 0.1

Best Fits
SEY 1D 
BSEY 3 Parameter 

Ordinary Graphite 
Fits Performed

SEY ChiSq

0.0999SEY 1D

0.101SEY 3D

0.809Sternglass

0.711Dionne

0.711Hastings

0.578Feldman

BSEY ChiSq

0.0421BSEY Nascap

0.0261BSEY 3 
Parameter
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Ordinary Graphite
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 132 ± 10
X = 5.0 ± 0.2
E0 = 1.29 ± 0.04

Gaussian Fit (BSE Distribution)
y0 = 0.0008 ± 0.0004
A = 0.0140 ± 0.0007
E0 = 53.68 ± 0.10
width = 2.6 ± 0.2

Carbonized Polyimide
Yield Results

TEY Features:
E1 = 30 ± 2 eV
E2 = 1690 ± 80 eV
Emax = 270 ± 50 eV

max = 2.2 ± 0.1

SEY Features:
E1 = 30 ± 2 eV
E2 = 1560 ± 80 eV
Emax = 270 ± 50 eV

max  = 2.0 ± 0.1

Best Fits
SEY 3D 
BSEY 3 Parameter 
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Carbonized Polyimide 
Fits Performed

SEY ChiSq
0.113SEY 1D
0.0958SEY 3D
0.979Sternglass
1.06Dionne
1.06Hastings
0.643Feldman

BSEY ChiSq
0.0501BSEY Nascap

0.0187BSEY 3 
Parameter

Carbonized Polyimide 
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 120 ± 10
X = 4.7 ± 0.2
E0 = 1.57 ± 0.06

Gaussian Fit (BSE Distribution)
y0 = 0.0011 ± 0.0003
A = 0.0107 ± 0.0007
E0 = 53.6 ± 0.1
width = 2.3 ± 0.2
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Carbon Fiber
Yield Results

TEY Features:
E1 = 46 ± 4 eV
E2 = 1400 ± 100 eV
Emax = 300 ± 80 eV

max = 1.7 ± 0.2

SEY Features:
E1 = 69 ± 10 eV
E2 = 1200 ± 200 eV
Emax = 300 ± 80 eV

max  = 1.5 ± 0.2

Best Fits
SEY 3D 
BSEY 3 Parameter 

Carbon Fiber 
Fits Performed

SEY ChiSq
0.102SEY 1D
0.0973SEY 3D
0.804Sternglass
0.520Dionne
0.520Hastings
0.363Feldman

BSEYChiSq

0.0939BSEY 
Nascap

0.0670BSEY 3 
Parameter
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Carbon Fiber
Energy Distribution

Chung-Everhart Fit (SE Distribution)
A = 230 ± 10
X = 6.5 ± 0.1
E0 = 1.22 ± 0.03

Gaussian Fit (BSE Distribution)
y0 = 0.0015 ± 0.0004
A = 0.0175 ± 0.0008
E0 = 54.20 ± 0.08
width = 2.2 ± 0.1

Electron Emission Test Results
Instrumentation
Yield Models
Electron Yield and Emission Spectra Measurements
Comparison with Previous Studies and literature values
Comparison of USU data for Yield standards (Au and HOPG graphite)

NASA/GRC
Secondary Electron Suppression with Carbonized Aerogels

Intermediate Report
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Round Robin Comparison of HOPG Graphite Data
• HOPG data have been compared

with data taken by other laboratories
in a Round Robin test and show that
Agreement between data from
different labs is good above ~30-50
eV.

• Values agree within ~10% above 200
eV and ~20 % down to ~30 eV.

• USU data may be noisy due to low
yield or to negative charging.  Yield
values <30 eV may be higher than
actual values due to stage bias.

JR Dennison, Justin Christensen, Justin Dekany, Clint
Thomson, Neal Nickles, Robert E. Davies, Mohamed
Belhaj, Kazuhiro Toyoda, Arifur R. Khan, Kazutaka
Kawasaki, Shunsuke Inoue, Isabel Montero, María E.
Dávila and Leandro Olano, “Absolute Electron
Emission Calibration: Round Robin Tests of Au and
Polyimide,” Proceedings of the 14th Spacecraft
Charging Technology Conference, Space Research and
Technology Centre of the European Space Agency
(ESA/ESTEC), (Noordwijk, Netherlands, April 4-8,
2016) , 7 p.

Area of poor 
agreement at 
<30 eV.

Summary of Comparison of USU and Literature Values for Carbon

• This section compares results from different sources on their work
with Carbon.

NASA/CR-20240012465 38



Comparison 
of USU and 
Literature SEY 
Values for 
Carbon

Comparison 
of USU and 
Literature 
BSEY Values 
for Carbon
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Figure 7.6 is a plot of the residuals for the electron-induced
electron emission spectra and the Chung and Everhart model,
at incident energies of 500 eV and 85 eV for data shown in
Figs. 7.4 and 7.5. The plots show there is a fine structure
peak centered at 7.7 eV and 7.0 eV with 3.3 eV and 4.1 eV
FWHM, respectively. This is attributed to the “ peak”
observed by Krieg [1982] that results from a maximum in the
conduction band density of states due to -bands with weak
dispersion near the +

3u-point [Painter, 1970]. Oelhafen and
Freeouf [1983] have shown that this peak provides a fiduciary
mark for very accurate calibration of the sample Fermi level.
The energy position of the peak was found to be (7.57 ±
0.03) eV above the sample Fermi level [Oellhafen, 1983;
Krieg, 1982], independent of emission angle, degree of
graphite crystallinity, thermal annealing, incident electron
energy, and excitation by electrons, UV photons, or x-ray
photons. The sample and analyzer work functions, S and A,
can be determined from the low energy cutoff of the electron
emission spectrum, Esh, by biasing the sample to the
appropriate bias voltage, VB. The cutoff is determined by, S
if -e·VB + S > A and by , A if -e·VB + S < A. Our
measurements with VB=0 V found Esh equal to 0.04 eV and
1.2 eV, respectively, based on the Chung and Everhart model;
this is in good agreement with values of 0.1 eV and 0.6 eV
based on the difference between the theoretical and observed
peak positions.

USU MPG Electron Emission Values for HOPG Carbon

Effect of Insulator Charging on Yields--An Example for RTV Silicone Yield

9/7/16 Data9/19/16 Data

Negative charging at low 
energies below E1 causes 
TEY/SEY to move towards 
unity

Positive charging at  
intermediate energies 
near Emax causes TEY/SEY 
to be depressed. Note 
BSEY is not defined 
operationall below 50 eV.

Negative charging at high energies above E2 causes 
yield to move towards unity. Note: low energy SE 
can gain enough energy to register as BSE, causing a 
drop in SEY and concomitant rise in BSEY..

NASA/CR-20240012465 40



Estimated uncharged 
“intrinsic” yield in blue

Question:  Why would a 
conducting “green” layer 
show such large charging 
effects?

Positive charging effects 
around Emax~220 eV from 
~65 eV to ~550 eV

Negative charging 
effects below E1 at 
~25 eV

Noisy data 
point?

Data may be noisy due to low 
yield or to negative charging.  
BSE yield measurements 
should be able to distinguish 
these two options.

Data may be noisy 
due to low yield or 
to negative 
charging.  Yield 
values<30 eV may 
be higher than 
actual values due 
to stage bias.

Negative charging 
effects below E1 at 
~25 eV

TiN Alloy Total Electron Yield Curve Showing Charging Effects
Charging Model

References
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