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Nomenclature

Θ grid half-angle
ΦG1 G1 grid work function
ΦG2,3 G2 and G3 grids work function
ΦG4 G4 grid work function
ΦHS hemispherical screenwork function
ΦS sample work function
α variance of Gaussian fit to total secondary electron 

yield
δ yield of true secondary electrons
η yield of backscattered electrons
λ mean free path
σ total secondary electron yield, collision cross section
σmax maximum total secondary electron yield
EPE primary electron beam energy

EPE
max primary electron beam energy at maximum total sec-

ondary electron yield
ESE secondary electron energy with respect to the sample 

vacuum level
f fraction of true secondary electrons with energy 

below the sample electrostatic potential
g fraction of secondary electrons collected on each grid 

for unobstructed grid with zero grid transparency
IBE backscattered electron current
IC collector current
IHS hemispherical screen current
IPE primary electron beam current
IRE rediffused electron current
IS sample current
ISEE total secondary electron current
ITE true secondary electron current
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Abstract
A facility utilizing 4-grid optics for LEED/AES (low energy electron diffraction/Auger 
electron spectroscopy) was developed to measure the total secondary electron yield and 
secondary electron energy distribution function for conducting materials. The facility and 
experimental procedure were validated with measurements of 50–500 eV primary electrons 
impacting graphite. The total yield was calculated from measurements of the secondary 
electron current (i) from the sample and (ii) from the collection assembly, by biasing each 
surface. Secondary electron yield results from both methods agreed well with each other 
and were within the spread of previous results for the total yield from graphite. Additionally, 
measurements of the energy distribution function of secondary electrons from graphite are 
provided for a wider range of incident electron energies. These results can be used in modeling 
plasma-wall interactions in plasmas bounded by graphite walls, such as are found in plasma 
thrusters, and divertors and limiters of magnetic fusion devices.
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k Boltzmann constant
L distance from sample to LEED/AES optics
N number of grids in front, number of secondary elec-

trons with energy ESE

n number density
t grid transparency
VG1 G1grid electrostatic potential
VG2,3 G2 and G3 grids electrostatic potential
VS sample electrostatic potential
VHS hemispherical screen electrostatic potential

1. Introduction

Electron bombardment of materials leads to the emission of 
electrons from the materials (termed total secondary elec-
trons) that may have a significant impact on the sheath and 
overall plasma behavior. In a plasma system (e.g. electric 
propulsion devices, divertors and limiters of magnetic fusion 
devices, and plasma processing systems), electrons with 
sufficient energy to overcome the wall sheath potential can 
impact the wall and produce secondary electrons. This sec-
ondary electron emission (SEE) can then reduce the potential 
at the wall, leading to an increased loss of plasma electrons to 
the wall, increased wall heating, and increased cooling of the 
bulk plasma [1, 2]. In particle accelerators (e.g. with positron 
beams), particle impact and cyclotron radiation incident on 
the walls can produce electrons that themselves can interact 
with the wall and lead to SEE. This multipacting effect [3] 
can create a cloud of electrons that may lead to instabilities 
in the particle beams and overheating of facility components 
[4]. For the aforementioned applications it is important to 
know the number and types of secondary electrons produced 
as well as the energies at which they are emitted from the sur-
face. Note that ions can also produce electron emission from 
materials. However, in systems with ion beams and plasmas, 
ion-initiated electron emission is approximately one to two 
orders of magnitudes lower than the SEE in systems with 
electron beams and plasmas (where yields are near or greater 
than unity). While ion-initiated electron emission is important 
for devices such as cathodes (where it is required to sustain 
the plasma discharge) and electron multipliers for detectors in 
mass spectrometry, the focus herein will be on SEE initiated 
by primary electrons.

Secondary electrons are classified based on how they 
are produced: backscattered electrons, rediffused electrons, 
and true secondary electrons [5–9]. Backscattered electrons 
are incident primary electrons that are elastically reflected 
by atoms at the surface of the material and hence are at the 
energy of the primary electron EPE. Rediffused electrons 
with energies between 50 eV and EPE are primary electrons 
that have undergone inelastic collisions and have lost energy 
due to collisions with core and continuous-band electrons and 
from phonon and plasmon generation [6–9]. Note that Auger 
electrons, although a product of the Auger process, are often 
grouped with rediffused electrons [8]. True secondary elec-
trons are electrons originally from within the material that 
are ejected after ionization or excitation of atoms by primary 

electron impact and overcome the material work function; 
these true secondary electrons, by convention, are at energies 
below 50 eV [8].

Previous investigations into SEE from conducting mate-
rials has led to many empirical equations for the dependence 
of the total SEE yield σ (i.e. ratio of the number of electrons 
emitted from the material to the number of incident electrons) 
with incident energy [4, 8, 10–16] and angle [10, 11] with 
respect to the surface, as well as semi-empirical equations for 
the energy, angular, and spatial distribution [10] of the emitted 
secondary electrons. Measurements were made by exposing 
a sample of the material to a monoenergetic electron beam 
of known current IPE and measuring (i) the sample current IS  
[17, 18] or (ii) the current on a collecting electrode sur-
rounding the sample IC [16, 19]. The total yield σ is then

σ = = − − = − = −I

I

I I I
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I I
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In addition, the contributions from the backscattered, 
rediffused, and true secondary electrons were measured by 
inserting a hemispherical electrode in front of a hemispherical 
collector and applying a retarding potential to the electrode 
to separate out the true secondary electrons [12, 13, 20, 21].

This paper outlines the use of a common commercial sur-
face analysis instrument to characterize SEE properties of 
conducting materials. A device utilizing 4-grid optics for 
LEED/AES (low energy electron diffraction/Auger electron 
spectroscopy), which has an integral electron gun, was used 
to measure the total SEE yield and energy distribution func-
tion of secondary electrons from graphite for primary elec-
trons between 50 and 500 eV. Conventionally this instrument 
is used in surface science studies for LEED to determine the 
surface structure and long-range order of materials (from 
the position and intensity of the diffracted spots of the elas-
tically scattered electrons on the hemispherical phosphor 
screen typically using 50–100 eV primary electrons inci-
dent on the material) and for AES to determine the surface 
elemental composition of the material (from the measured 
energy and number of the Auger electrons produced from 
bombardment of the material typically by high energy, i.e. 
2–5 keV, primary electrons and by using the 4-grid optics 
as a retarding field analyzer). The primary electron current 
was measured by applying an increasingly positive bias on 
the sample and taking the sample current at 50 V. As was 
done by Pedgley et al [12] in conjunction with Farhang  
et al [13], and by Cimino and Collins [22], the SEE yield 
was calculated using two methods for improved accuracy: 
(i) measuring the sample current and applying equation (1), 
and (ii) measuring the collector current and applying equa-
tion (2). To increase secondary electron collection, the cur-
rent was measured on the first grid of the 120° solid angle 
collection assembly instead of the final hemispherical 
screen. Moreover, the use of the 4-grid LEED/AES optics 
allows measurement of not only total SEE yield, but also 
the energy distribution function of secondary electrons and 
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in-situ monitoring of the chemical composition and surface 
structure of the material sample under consideration. In this 
respect, measurements of the energy distribution of sec-
ondary electrons emitted from graphite are provided for a 
larger range of incident electron energies. The contributions 
of the three types of secondary electrons to the total yield 
were calculated and the fraction of backscattered electrons 
to the total number of secondary electrons was found to 
match a curve by Scholtz et al [15].

2. Experimental setup

The experiments were conducted in the Surface Science 
and Technology Laboratory (SSTL) at the Princeton Plasma 
Physics Laboratory. A PHI model 15–120 LEED/AES 
optics consists of an electron gun capable of producing a 
monoenergetic electron beam with an energy between 3 and 
1600 eV, four hemispherical semitransparent grids (the first 
with 120° solid angle), and a final hemispherical phosphor-
coated solid screen. The optics was connected to a PHI 
model 11–120 LEED electronics control unit. An uncon-
ditioned sample of Highly Ordered Pyrolytic Graphite 
(HOPG) was placed at a working distance of 20 mm in front 
of the edge of the LEED/AES optics, as shown in figure 1. 
The collection angle of the LEED/AES optics could not be 
increased to 180° (e.g. by moving the sample closer to the 
LEED/AES optics) for the particular sample holder used in 
these measurements since the sample was placed on a rota-
tional stage and any increase in distance from the rotation 
axis would make future angular dependence measurements 
impossible. Additional details on the LEED/AES system 
and sample mount are available in [23].

The pressure in the vacuum chamber near the sample was 
measured by an ionization gauge not far from the sample to 
be 5 ×  10−8 Torr. To determine that this background pres-
sure of residual gases in the chamber had no effect on the 
SEE measurements we considered: (i) scattering of pri-
mary and secondary electrons by the residual gases in front 
of the sample, and (ii) inelastic scattering of primary and 
secondary electrons within the sample material. The mean 
free path for scattering of both primary and true secondary 
electrons (i.e. greater than 50 eV and ~2 eV, respectively) by 
the residual gases at this pressure is calculated to be many 
orders of magnitude larger than the sample-gun and sample-
collector separation (λ/L ~ 105, see appendix A), thus this 
has no effect on our results. In addition, while the chamber 
pressure is much higher than for typical surface science 
experiments, this also has no effect on our SEE results on 
graphite since this is such a chemically inert surface and 
no adsorbate layers can form at these pressures. Impurities 
or contamination from surface reactions during exposure 
of the graphite to atmospheric pressure during mounting 
of the sample could indeed cause errors (since the inelastic 
mean free path is only about two monolayers at 50 eV) [24], 
and future studies will improve control of this situation. 
However, we note the good agreement between the yield 
measurements presented here and those measured by pre-
vious authors, as will be shown in section 3.

The LEED/AES system was used for SEE measure-
ments of electron beams between 50 and 500 eV impacting 
graphite at normal incidence. The incident current on the 
sample was measured by applying an increasingly posi-
tive voltage on the sample to keep secondary electrons on 
the sample, while the grids of the LEED/AES optics were 
kept at ground potential, as shown in figure 2(a). The total 
SEE current was measured using the LEED/AES optics by 
applying a positive voltage on the first grid G1, which has 
a 120° solid angle, to improve collection efficiency while 
grounding the other grids (see figure 2(b)). Note that meas-
uring the current on all grids of the LEED/AES optics and 
biasing the first grid G1 minimizes error in the total SEE 
current due to the emission of tertiary electrons from the 
grids of the LEED/AES optics.

The secondary electron energy distribution was meas-
ured at each primary electron energy by applying a negative 
retarding potential on grids G2 and G3 of the LEED/AES 
optics and measuring the current on the final hemispherical 
screen from electrons with sufficient energy to overcome the 
applied retarding electric field (see figure 2(c)). The LEED/
AES optics thus served as a high pass filter and the electron 
energy distribution (i.e. number of electrons emitted at a given 
energy) was calculated by taking the derivative of the meas-
ured curve. The electron energy distributions were corrected 
for difference in contact potential (i.e. difference in work func-
tion between the graphite sample and stainless steel retarding 
grids) to obtain the electron energy with respect to the sample 
vacuum level (i.e. Φ Φ= − −E V ( )SE G2,3 S G2,3  where ΦS = 
4.6 eV [25] and ΦG2,3 = 4.4 eV, see figure 3).

Note that for energy distribution measurements, the final 
hemispherical screen of the LEED/AES optics was biased 
positive to minimize the emission of tertiary electron from this 
screen. Tertiary electrons from grids G1 and G2 are negligible 
since they are of low energy such that they are prevented from 
reaching the final hemispherical collector by the retarding 
potentials of grids G2 and G3. Considering the geometry of the 

Figure 1. Facility for measuring secondary electron emission, 
including (a) LEED/AES electron optics and (b) sample mount.
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LEED/AES optics, about 7.6% and 5.8% of secondary elec-
trons emitted from the sample are calculated to impact grids 
G3 and G4, respectively, when the LEED/AES optics compo-
nents are grounded (see Appendix B). Assuming a maximum 
possible yield of unity for low energy electrons impacting the 
stainless steel grids, assuming 12% of the tertiary electrons 
from G3 are measured on the final hemispherical collector 
(see Appendix B), and assuming all tertiary electrons from 
G4 are measured on the collector, a maximum of about 7% 
error (i.e. 7.6% × 12% + 5.8% × 100%) is calculated for these 
effects on our energy distribution measurements.

3. Results and analysis

3.1. Total secondary electron yield

The current from the sample to ground at each of several 
primary electron beam energies EPE and sample voltages VS 
are plotted in figure  4. For all curves, the sample electron 
current increases to an asymptote as VS increases. This is due 
to the increasing number of low energy true secondary elec-
trons that are redirected back to the sample by the applied 
electric field. Note that while the positive sample voltage 
increases the primary electron impact energy at the sample, 
and hence changes the number of secondary electrons 
emitted, all true secondary electrons are recollected on the 
sample. Additionally the increased impact energy changes 
the number and/or energy of backscattered and rediffused 
electrons, but their contribution is negligible and decreases 
with primary electron energy. Hence the current on the 
sample at 50 V is primarily from incident primary electrons. 
As illustrated by figure 4, the SEE current ISEE can also be 
measured from the sample current: = −I I I   S PE SEE where IS 
is the sample current with no bias and IPE is the sample cur-
rent at 50 V.

Figure 5 shows the current measured on the collector 
assembly of the LEED/AES optics for each primary electron 
beam energy EPE and for various G1 grid (figure 2) voltages 
VG1. The electron current to the LEED/AES optics initially 
increases substantially with increasing G1 voltage as more 
secondary electrons with emission angles greater than 60° 
from the surface normal are redirected to the LEED/AES 
optics by the applied electric field, and then asymptotes. The 
SEE current for primary electron energies above 100 eV was 
set to be equal to the current measured when G1 is at 50 V 
(see the dashed line for EPE = 500 V in figure 5). Note that 
measuring the SEE current on the entire collector assembly 
instead of the final collector (as is usually done [13]) negated 
the need to consider the effective transparency of the grids 
(which may be different than the optical transparency), 
thereby improving the accuracy of the measurements. For 
example, of the SEE current collected on the LEED/AES 
assembly in figure 5, 85–87% was collected on G1, 12.5–
13.5% on G2 and G3, and less than 1.5% on the hemispher-
ical screen when G1 was biased to 50 V. This differs from 
the suggested 17% optical opacity of each of the grids. Also 
note that by biasing G1, an applied electric field is created 
in front of the sample that may have possible effects on the 

Figure 2. Configurations of the 4-grid LEED/AES optics for 
measuring: (a) primary electron current, (b) secondary electron 
current, and (c) secondary electron energy distribution function.

Figure 3. Energy level diagram for LEED/AES optics.

J. Phys. D: Appl. Phys. 48 (2015) 195204
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measurements (e.g. G1 attracting beam electrons and/or 
reducing the electron energy at the sample). However, as is 
seen below, the effects caused by biasing G1 to 50 V do not 
seem to be significant since the SEE current calculated with 
the collector method compares well to the SEE current from 
the sample method.

The total SEE yield was calculated using both equations (1) 
and (2), where the SEE current was measured from the sample 
current and the LEED/AES optics, respectively, as shown in 
figure 6. These measurements are compared to an empirical 
equation for the energy dependence of the total yield found by 
fitting a Gaussian function of E Eln( / )PE PE

max  with variance α = 
1.6 to the experimental data:[15]

⎧

⎨
⎪⎪

⎩
⎪⎪

⎡
⎣⎢

⎤
⎦⎥

⎫

⎬
⎪⎪

⎭
⎪⎪

σ σ
α

= −
( )

E( ) exp
ln

2
,

E

E

PE max

2

2

PE

PE
max

 (3)

where σmax and EPE
max are the peak total SEE yield and the pri-

mary electron energy at which the peak yield occurs, respec-
tively, both of which are material specific. From figure 6, the 
total yields measured compare well with the empirical equa-
tion. Note that for semiconductors, values for σmax and EPE

max 
are similar to values for conductors since the energy bands 
near the Fermi level are thermally populated with electrons. 

Figure 4. Current measured (symbols) from sample to ground for different primary electron energies and sample voltages. For each 
primary energy, the primary electron current is the sample current when the sample is at 50 V (dashed line). The secondary electron current 
is the difference between the primary electron current and the sample current at zero sample voltage. Calculated currents (solid lines) are 
also plotted (see section 4).

Figure 5. Collector current at different primary electron energies and G1 voltages. For each energy, the secondary electron current is found 
by taking the collector current when G1 is at 50 V (dashed line).

Figure 6. Total secondary electron yield for graphite from secondary electron current measurements using the sample current and 
LEED/AES collector assembly current. Comparisons are made to a universal curve [15] and previous measurements for graphite  
[9, 12, 13, 19, 26].

J. Phys. D: Appl. Phys. 48 (2015) 195204
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However, for insulators the maximum yield is larger since the 
mean free path for secondary electrons en route to the surface 
is much larger in insulators than the mean free path in metals 
(due to a lack of free electrons and hence a reduction in elec-
tron–electron interactions) [5, 6].

In figure 6 we also plotted the total yield measurements by 
Pedgley et al [12], Farhang et al [13], Kato and Nishiwaki [26], 
Kirby [9], and Balcon et al [19]. We postulate that the large 
variation in experimental measurements is due to the depend-
ence of the yield on the condition of the graphite surface when 
measurements were taken (e.g. if the sample was processed 
to remove oxidation and the level of vacuum in the testing 
chamber). Farhang et al [13] and Pedgley et al [12] operated 
in vacuum chambers at 10−9 Torr and heated the samples by 
electron bombardment. The data from Kato and Nishiwaki 
[26] are for ‘as-received’ graphite samples, as are the present 
measurements. In figure 6, the present measurements lie close 
to the measurements from Kato and Nishiwaki.

3.2. Secondary electron energy distribution

The measured secondary electron energy distributions for 
100, 200, 350, and 500 eV electrons incident on graphite are 
shown in figure 7, along with previously measured secondary 
electron energy distributions for 100 eV [27] and 425 eV [28] 
electrons incident on graphite. There are two main peaks of 

ESE in figure 7. The first peak at lower energies (i.e. below 
50 eV) is due to true secondary electrons, while the second 
peak at higher energy (i.e. ESE = EPE) is due to backscattered 
electrons. The latter peak confirms the energy of the primary 
electron beam. Additional smaller peaks within a few eV of 
EPE are due to specific inelastic losses suffered by the back-
scattered electrons.

Figure 8 shows the secondary electron distribution curves 
normalized by the primary electron current IPE for each pri-
mary energy:

= −
−

−
( )

N E
I

I V I V

V V
( )

1 ( )
,SE

PE

HS G2,3
2

HS G2,3
1

G2,3
2

G2,3
1

 (4)

where ESE is the energy of the secondary electrons with 
respect to the sample vacuum level and I V( )i

HS G2,3  is the cur-
rent measured on the hemispherical screen of the LEED/
AES optics when retarding voltage V i

G2,3 is applied on grids 
G2 and G3. Focusing on the peak of true secondary electrons 
(ESE < 50 eV), the distributions are compared to a theoretical 
result that treats SEE as a three-step process: (i) ionization/
excitation of secondary electrons by primary electrons, (ii) 
transport of secondary electrons to the material surface, and 
(iii) escape of secondary electrons from the material work 
function [29]. The energy distribution derived by Chung and 
Everhart [29] for conducting and non-conducting material, 

Figure 7. Secondary electron energy distributions (with respect to the sample vacuum level) for 100–500 eV primary electrons impacting 
graphite.

Figure 8. Secondary electron energy distributions (with respect to the sample vacuum level) for 75 eV through 500 eV electrons impacting 
graphite. A theoretical distribution is also given [29].
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assuming charge accumulation has negligible effect on the 
beam (e.g. sufficiently short beam exposure times for non-
conducting material) [8, 30], is given by

Φ
=

+
N E C

E

E
( )

( )
.SE

SE

SE S
4 (5)

where C is a material constant, ΦS is the work function 
of the material, and ESE is the energy of the secondary 
electron with respect to the sample vacuum level (i.e. 

Φ Φ= − −E V ( )SE G2,3 S G2,3 , see figure  3). From figure  8, at 
higher secondary electron energies (i.e. above 10 eV) the 
measured energy distributions agree well with the theoretical 
distribution for the range of primary electron energies exam-
ined. Below 10 eV, there is a large scatter in the measured dis-
tributions due to the low resolution of VG2,3 applied. However, 
the distributions are seen to follow the trend of the theoretical 
curve with a maximum between 1.3 and 3 eV.

Figure 8 also suggests that the secondary electron energy 
distribution is a non-accelerated distribution (i.e. the distribu-
tion starts from zero energy as opposed to a positive energy). 
This is particularly important for electric propulsion devices 
(i.e. Hall-effect thrusters). While an accelerated distribution 
always leads to a two-stream instability within the device, a 
non-accelerated energy distribution may or may not lead to an 
instability, depending on the number of secondary electrons 
emitted [31].

The contributions to the electron yield from backscattered, 
rediffused, and true secondary electrons can be separated 
from the energy distributions in figure 7. In figure 9 we plot 
the yields of backscattered electrons, the sum of backscat-
tered and rediffused electrons, and true secondary electrons 
for graphite between 50 and 500 eV, along with an empirical 
curve for the backscattered yield:[15]

η σ= + −

+

E E E

E

( ) exp[1.59 3.75ln 1.37(ln )

0.12(ln ) ]

PE PE PE
2

PE
3

 (6)

where η is the yield of backscattered electrons and EPE is 
between 5 and 100 eV. In deriving equation (6), Scholtz et al 
[15] fit a single curve to data from various materials. From 

figure 9 the experimentally measured yield for graphite follows 
a similar curve. The yield of backscattered electrons increases as 
the primary electron energy decreases. This agrees with theory 
that as the primary electron energy is reduced, backscattered 
electrons become increasingly important. However, the exact 
behavior at very low primary electron energy (below approxi-
mately 30 eV) is still uncertain since previous measurements at 
low primary energies were difficult due to the limitation of elec-
tron guns to produce beams of ample primary electrons at low 
energies (where the current is space charge limited) and/or due 
to the presence of stray electric and magnetic fields (including 
the Earth’s magnetic field) that can affect low energy electron 
beams. For example, Balcon et al [19] warned that the absence 
of a magnetic shield in their measurements (where the distance 
from the electron gun to the sample was larger than the elec-
tron gyroradius) could have possibly prevented beam electrons 
below 10 eV from reaching the sample surface.

Also plotted in figure 9 are curves for the true secondary 
yield and the backscattered and rediffused yield measured by 
Pedgley et al [12] and El Gomati et al [32] for graphite. Our 
results for the backscattered and rediffused yield follow the 
trend of these two prior reports, i.e. the yield increases with 
primary electron energy at low energies (below 125 eV) and is 
relatively insensitive to energy at higher primary energies. Our 
measured backscattered and rediffused yields are consistent 
with Pedgley et al [12] at low primary electron energies, but 
are larger than values measured by Pedgley et al [12] and El 
Gomati et al [32] at higher energies. The true secondary yield 
determined herein also follows the trend of Pedgley et al [12] 
with values comparable with their measured values. As men-
tioned previously in section 3.1, quantitative differences with 
the results of Pedgley et al [12] could be due to differences in 
samples, their preparations, as well as differences in measure-
ment systems.

4. Semi-empirical model

To further validate the sample method for determining pri-
mary electron current and SEE current, universal empirical 

Figure 9. Yields of backscattered (BE), rediffused (RE), and true secondary (TE) electrons versus primary electron energy for graphite.
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and theoretical equations were used to reproduce the curves 
in figure 4. Assuming the change in sample current IS with 
sample bias voltage VS is due to true secondary electrons 
that are recollected and to increased primary electron impact 
energies,

η δ
= − −

= − + − + −
I V I I I

I E V E V f V
( )

{1 ( ) ( )[1 ( )]}
S S PE BE TE

PE PE S PE S S
 (7)

where IPE, IBE, and ITE are the currents from primary, back-
scattered, and true secondary electrons, respectively. The 
yield for true secondary electrons is

δ σ η= −E E E( ) ( ) ( ),PE PE PE (8)

where σ and η are given by equation  (3) and equation  (6), 
respectively. The fraction f of true secondary electrons with 
energy below ESE = VS (i.e. recollected by the sample) is cal-
culated from equation (5),

=  ≤
f V

N E V

N
( )

( )
.S

SE S

tot
 (9)

The calculated curves are plotted with the measured curves 
in figure 4. The fair agreement over the full range of sample 
bias voltages for the range of primary electron energies exam-
ined serves to validate the experimental setup and approach, 
as well as the equations  for total SEE yield and energy 
distribution.

5. Conclusions

A facility utilizing 4-grid LEED/AES optics was developed 
to provide comprehensive characterization of SEE properties 
of conducting materials, including the total SEE yield and 
secondary electron energy distribution of emitted electrons. 
Measurements of total electron yield were made for primary 
electrons between 50 and 500 eV using a conventional 4-grid 
LEED/AES optics, which can also be utilized for in-situ mon-
itoring of material chemical composition and crystal structure. 
Measurements were made for graphite, which is the material 
used for plasma-facing components in many applications such 
as plasma thrusters, and divertors and limiters of magnetic 
fusion devices.

In order to achieve accurate SEE measurements, two 
methods were used: (i) measuring the current on a positively 
biased sample, and (ii) measuring the current on the LEED/
AES optics with a positively biased first grid G1. Use of the 
sample method to measure primary electron current (a tech-
nique used by this and previous authors [15]) was validated 
with development of a semi-empirical model. The accuracy 
of the collector method was improved by measuring the SEE 
current on the entire collection assembly instead of the final 
collector (as is usually done), negating the need to consider 
the transparency of the grids. Hence, results for the total yield 
calculated with the two methods of SEE measurements agreed 
well and were within the spread of yield measurements found 
in the literature for graphite and with values calculated using an 
empirical equation valid for conducting materials. The energy 
distribution of emitted secondary electrons from graphite 
(useful for modeling plasma-wall interactions in fusion and 

plasma devices) was measured. The fraction of backscattered, 
rediffused, and true secondary electrons calculated from the 
energy distribution function agreed well with empirical results.

The facility and LEED/AES optics used can be easily 
upgraded to measure the angular dependence of the SEE 
properties and extended to measure SEE properties of non-
conducting materials by pulsed operation as done in [33].
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Appendix A

The mean free path λ for electrons in N2 gas (as an example) 
is given by

λ
σ

=
− n

1

e N2

 (A.1)

where σ −e N2 is the electron-nitrogen collision cross-section and 
n is the density of nitrogen. For 2 eV true secondary electrons 
leaving the sample, σ −e N2 is 3 × 10−19 m2 [34] and the mean 
free path at 5 × 10−8 Torr is 2 × 103 m, which is five orders of 
magnitude larger than the distance between the sample and 
LEED/AES optics. A similar calculation can be done to show 
there is no effect due to scattering of primary electrons by the 
residual gases in front of the sample: for the lowest primary 
electron energy of 50 eV, σ −e N2 is 8 × 10−20 m2 [34] and the 
mean free path at 5 × 10−8 Torr is 7 × 103 m, which is larger. 
We also note that at the electron energies and currents consid-
ered here, there is no thermal or electron-induced desorption.

Appendix B

Considering the geometry of the experiment, where the 
LEED/AES optics are approximately 20 mm from the sample 
and the grids of the LEED/AES optics are 2.7 mm apart, the 
half-angle Θ from the sample center to the edge of each grid, 
as shown in figure B1, is calculated to have the value given 
in table  B1. Assuming no obstruction between the sample 
and the respective grid, assuming zero grid transparency, and 
assuming a cosine distribution for emitted electrons, the frac-
tion g of secondary electrons collected on each grid is

J. Phys. D: Appl. Phys. 48 (2015) 195204
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∫ ∫ θ θ θ φ Θ= = −

π Θ

g cos sin d d 1 cos .

0

2

0

2 (B.1)

However, there are a number of grids of which each has 
the same transparency t (i.e. 83% not zero) and a number of 
grids N in front of the grid under consideration. Hence, the 
fraction of secondary electrons from the sample that are col-
lected on each grid of the LEED/AES optics when each grid 
is grounded is calculated to be

= −−I

I
gt t(1 ).N

SEE

1 (B.2)

When calculating the number of tertiary electrons from G3 
that are measured on the final hemispherical collector plate, it 
is assumed that (1 − t) of tertiary electrons hit G2, t of those 
pass through G3, and t of those pass through G4). Hence 12% 
of the tertiary electrons from G3 are measured on the final 
hemispherical collector.
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