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situ cleaning methods. Systematic SEE characterization of basic metals, therefore, with

simultaneous Auger analysis documenting the surface quality, will be of significant value to
the field. Studies involving additional parameters, such as temperature, surface roughness,

and conductivity, may then be performed with a reasonable degree of confidence.

8.3.2 Comparisons with Theory
There exists within the literature a well-developed fundamental theory of SEE,56 as
well as a number of empirical mathematical models based on previous experimental
investigations.45.61.118-120 Data obtained from the investigations listed above may be used
to evaluate both theoretical and empirical SEE formulations. Some examples include:
(i) comparison of total yields with atomic number models,44.45.61

(ii) comparison of angle-resolved yields with existing angular formulations,45:69
and

(iii) comparison of clean aluminum yields with published fundamental theory
specifically for SEE in Al.67

8.4 Extensions of This Research

It should be recognized that the basic apparatus and technique developed for the
above-proposed research possess considerable potential for significantly expanded SE and
BS investigations—some of which would require modifications to the apparatus and the
development of new measurement techniques. Some examples are:

(i) backscattering measurements for insulators,

(ii) SEE measurements for insulators,
(iii) measurements for higher or lower incident electron energies,
(iv) measurements for incident ions,

(v) work involving simultaneous bombardment by combinations of electrons,
ions, and photons,

(vi) measurements for positively and/or negatively biased samples, and
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(vii) investigations of SE roles in such phenomena as "snapover"—the breakdown

of insulators in a plasma—and other little-understood manifestations of
electrical breakdown.

Techniques for the determination of BSE yields for insulators have been
developed,!16 at least partially, and should be readily adaptable to this apparatus. They
involve in situ deposition of thin conducting films (with known backscatter characteristics)
on insulators. It is possible that a similar (though not identical) process may be applied
toward SE characterization of insulators as well. SE and BSE studies involving incident
electron energies both above and below the present 1-3 keV range are merely a question of
appropriate electron sources; likewise, SE and BS studies involving incident ions require
only the acquisition of suitable ion sources—a process already underway. Parametric
studies involving incident electrons, ions, and photons may be possible in a new UHV
scattering chamber, already under construction at USU. Finally, the role of SE's in
snapover may be investigated in a low-density plasma chamber available at NASA's Lewis
Research Center (LeRC). Initial coordination for such work has already been
accomplished and funding secured. The preceding lines of possible research are displayed
graphically in Fig. 8-1.

8.5 Initial Program of Study—A Proposal

The prodigious volume of possible research listed in (8.3) suggests the need for an
organized plan according to which research can proceed. The following sequence of
investigation is suggested, prioritizing SE and BSE Z-dependence and the importance of
contamination:

1. Completion of an exhaustive literature review. Though a good deal of this work
has already been accomplished, more remains to be done. Simply summarizing all
SE and BS investigations to date, and their results, will prove invaluable in plotting
the course of future research, and will itself represent an important contribution to
the field.
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2. Total SE and BSE yield characterization of a series of clean metals, and
comparison of results with fundamental and empirical models. Such an
investigation is a logical place to start, and may suggest further avenues of research.
Metals characterized in this work might include the Nobel metals Au, Ag, and Cu,
and/or the Alkali metals Li, Na, K, Rb, and Cs. Also included here should be a
thorough investigation of clean Al, something that may well never before have been
accomplished.

3. Total SE and BSE yield investigations of never-before-characterized spacecraft
materials. This work will represent an immediate contribution to the spacecraft
charging community, and should be accomplished based on consultation with
NASA's LeRC. Actual samples from two spaceflight projects have already been
secured: NASA's LDEF, and a USU rocket (SPEAR III).

4. Extensive SE and BSE yield characterization of one particular sample, including
angle-, energy-, and angle-energy-resolved yields, and comparison with theory.
An investigation of this type will validate apparatus and technique, and results may
suggest further research. Gold is a likely candidate for this investigation.

5. Controlled contamination studies. Review of the literature thus far, as well as
experimental experience, has shown the lack of data regarding the effect of surface
contamination on SE yield to be a major deficiency in the field. Oxidation of Al
presents itself as an immediate candidate for this work. Other forms of natural
contamination, such as fingerprints, or depositions resulting from propellants or
from the outgassing of organic materials, may also be of immediate interest to
spacecraft charging modelers.

6. Studies involving additional parameters such as temperature, surface roughness,
and conductivity. To our knowledge such investigations have not been performed
and would represent an entirely new direction in the field of SEE.

Clearly, the above plan is intended as a guideline, and should be modified as work

progresses. The most productive lines of discovery are rarely scripted.
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APPENDIX A

Calculations
A.1 Importance of Iser Jbserey, and Ibsercsoy

In addition to demonstrating that the currents Iger, Inserio), and Ipser(so) from Fig. 3-4
are indeed small in comparison to the other currents, one can in fact show that regardless

of their magnitudes, these terms can be neglected. For ease of calculation, we introduce the

notation
PS(0) primary sample current at 0 V bias  (measured)
PS(50) primary sample current at +50 V bias (measured)
TS(0) tertiary sample currentat 0 V bias  (measured)
TS(50) tertiary sample current at S0 V bias  (measured)
B incident beamn current (measured)
SE secondary electron current
BSE backscattered electron current
R(0) return current at 0 V bias
R(50) return current at +50 V bias
SER SE current due to r(0)

BSER(0) BSE current due to r(0)
BSER(50) BSE current due to r(50)

where those currents that are actually measured by the apparatus have been so marked.

Then with the samples biased to 0 V and +50 V, in turn, we can write

PS(0) =B - SE - BSE + R(0) — SER - BSER(0) (AD)
PS(50) =B — BSE + R(50) — BSER(50) (A2)
TS(0) = R(0) — SER - BSER(0) (A3)
TS(50) = R(50) — BSER(50) (A4)

Subtracting (A3) from (Al) and (A4) from (A2) gives

PS(0) - TS(0) =B - SE -BSE (AS)
PS(50) - TS(50) =B - BSE (A6)

which in turn gives
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BSE = B - PS(50) + TS(50) (A7)
SE = PS(50) - PS(0) + TS(0) —~ TS(50) (A8)

and we have now solved for the SE and BSE currents [Egs. (A7) and (A8)}—the goal, in
determining & and n—without making any assumptions whatsoever about the magnitudes
of SER, BSER(0), and BSER(50). Dividing the Eqgs. (A7) and (A8) by the beam current

B and returning to the notation of (3.3.1), we retrieve Egs. (14) and (15)

Lo, =T 0y =L +1
8 = $(50) r(SO)I $(0) 1(0) (14)
b

Ib - IS(SO) + Ir(SO)

1, (15)

n(e) =

Quantitatively, we can Show Iger, Ibser(o), and Ipsersoy are small by looking at some

data typical of the & and 7 investigations for electrons incident on AL For a beam energy of

2.0 keV, the following currents were measured:

B=1520pA
PS(0) = 6.60 pA
TS(0) =0.06 pA
PS(50) = 13.35 A
TS(50) = 1.50 A
Then from Egs. (A7) and (A8) we have

BSE =335 pA = 7n=.22
SE =531 pA = 8=.35

Returning to Egs. (A4) and (AS5), and regarding R(0) and R(50) as the incident “beam”
currents producing SER, BSER(0), and BSER(50), we can solve for these currents:
TS(50) = R(50) - BSER(50)
=R(50) - .22R(50) = .78R(50)

= R(50) =

TS(50) _
o =192pA

=  BSER(50) = .22(1.92 pA) = .42 pA
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and

TS(0) = R(0) — SER - BSER(0)
= R(0) - .35R(0) - .22R(0) = .43R(0)
TS(0)

= RO)=—=I4pA

=  SER=.35(14 pA) = .048 pA
BSER(0) =.22(.14 pA) = .031 pA

which are small compared to the other quantities in Eqgs. (14) and (15). Itis noted that in
the above determinations of Ler, Ipser), and Insersoy We have assumed that I, and I,
represent monoenergetic beams of 2.0 keV electrons. Clearly this is not an accurate
assumption, though we contend that it's accuracy is sufficient to allow order-of-magnitude
calculations.
A.2 Error Introduced into 3, 1, and 8(Es)Determinations
due to Non-Normal Exit Angles

In biasing the primary and tertiary samples we are attempting to measure current to
the primary sample due to SE's with energies at and below a given energy e®, where @ is
the sample bias—see Figs. 3-5 and 3-10 [(3.3.1) and (3.3.3)]. In addition, however, we
measure current due to electrons with energies greater than e®, but which are prevented
from escaping the sample due to non-normal exit (scattering) angles; that is, an electron will
not escape the sample (and will therefore be counted in any measured sample current), even
if it's total energy is greater than e®, when the perpendicular component (to the sample
surface) of it's velocity vector (given by v; = cos @) is such that 1/2 mv,2 < e®. This fact
introduces error into our determinations of 6 and 11, as well as 3(E;), and we wish to

determine the extent of this error.
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A1l Errorsin 8andn

For 8 and 1 determination, sample-current measurements are made at &=0 V and
®=+50 V. All SE's are clearly held on the sample, regardless of exit angle, when the
sample is biased to +50 V. Error introduced into Iy is therefore due to BSE's who's exit
angles do not permit them to escape the sample even though their energies are greater than
50 eV. For example, a BSE with E; = 100 eV will not escape if it's exit angle o is greater
than o = cos1(50/100) = 60°, and a 2 keV BSE will not escape if it's exit angle is greater
than o = cos"1(50/2000) = 88.6°. [Clearly then, the distribution of BSE energies—i.e.,
the BSE spectrum—is important in determining which BSE's are prevented from escaping

a positively biased sample.] If we can calculate the magnitude of the current due to BSE's

that are held on to, or “captured,” by a sample biased to +50 V, I’ , ,then we can

determine it's importance via comparison to the total BSE current I”°.
First, for an unbiased sample, the current due to BSE's leaving at a given o is
given by

I"(a)=2x TI"'(E,a’)dE

S0V

where I*(E,a”) is the BSE spectrum at o = a”. Assuming the a-dependence to follow a
Lambert cosine law—i.e., I**(0”) = IP¢(a=0) cos o-—we have

I* (") =2x-1(0) II”” (E)coso'dE

50eV
and the total BSE current—i.e., the current due to BSE's emitted at all angles—can be
written

2
I =2x-1(0) TII”“(E)COSQ sina do dE

50ev O

=n-1(0) }I"“ (E)dE (A9)

30eV
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Next, for a sample biased to +50 V, we calculate the current due to BSE's which do not

escape via introduction of the ©-function, ©(50eV - Ecosa. ), given by

Oed -Ecosa) =1 if (50eV —Ecosa) 20
. =0 otherwise

Following a development similar to the unbiased case, then, the current due to the captured

BSE's can be written
0
I =2x-10) TJI"“(E) cosa ©(50eV - E cosa) sina do dE

S0eV 0
i

=2x- I(O)T J‘I"“’(E)cosa sino doe dE (A10)

v

and we see the effect of the ©-function is to alter the limits of integration over o.
[Alternately, we could have used © to alter the limits of integration over E, though we shall
see this would not have been as convenient.] Performing the integration over oe we obtain

I =n-10) ]I""(E) -{1-sin*[cos™ (Z0)]} dE (All)

S0ev

In order to evaluate the integrals in (A9) and (A11), we must know the specific
form of I™=(E). Figure 2-7 illustrates the general shape of the BSE spectrum, though a
specific expression for I"“(E) has thus far not been found in the literature. For our
purposes, however, it is sufficient to model the BSE spectrum by assuming all BSE's
posses a single, average energy. An expression for the average integrated (i.e., averaged
over all o's) BSE energy E,,. is given by#

E,.. = (45 + 2x1032)E,

for the atomic number Z of the sample. Though this expression has been found to
underestimate E,,. somewhat, we will nonetheless use it, as underestimating E,,. is a more
conservative calculation (i.e., the lower E,,., the larger I;";’m). Further simplifying, and
erring a bit more conservatively, we assume simply E,,. = .45E;,. Then I’s¢(E) can be

expressed in terms of the Dirac 3-function
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IPs¢(E) = 8(E ~45Ep)

and we have

x-1(0) TS(E-ASE,,) {1-sin*[cos™ ()]} dE

LB
Ihe
= n-I(O)TS(E-ASEb ) dE
= 1~sin*[cos™ (35z)] (Al2)

Equation (A12) represents the relative error in Igso. We now wish to determine the effect
of this error on our determinations of & and 1, and we begin by showing that Eqn. (A12)
also represents the relative error in 1:

= Ib - Il(SO)n. + Ir(SO)

meas Ib

- Iy = (o + Togems) + Tis)

I,
= I, ~ Loy + Lisoy = {1 = sin’ [°°s‘1(.54§: Ml
= L
=Ty, — {1 -sin*[cos™( i‘;;‘ﬁ M Mire
Tineas a2 -1, 50eV
=> —22% =5in’[cos” ()]
rue L]

The relative error in 1 is then given by

An

—————

50ev )]

= l_ﬂ_m!as. = 1-—sin2[cos_l(_455,

n Nerue

(Al3)

Results given by Eqn. (A13) are plotted in Fig. A-1, and reveals a worst-case error in 1 of
~5% for a beam energy of 500 eV, decreasing to less than 1% for beam energies above 1
keV. Errors for beam energies below 500 eV are considerably higher, though measure-

ments at such energies are not being considered in the present investigation.
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Calculation of error in 8 due to I%_, is a bit more complicated, in that the error in §

becomes a function of )
R L3
meas Ib

. - eV
_ IT, + {1 -sin’[cos™ (S5z)IML,

I,

= 8 +{1~sin*[cos™ (Z)IM

which gives
A8 Bpe =By _ {1-sin2[cos"(j‘;;‘: )
3 Sen. 8oms — (1= sin’[cos™ (Z)]} (Al4)

Results given by Eqn. (A14) are plotted in Figs. A-2 and A-3 for selected values of n and
Omeas. It is emphasized that Eqs. (A13) and (A14) represent worst-case errors, and are
intended to demonstrate that for incident energies of concern to this thesis ( > ~500 eV),
errors in 8 and 1) due to non-normal exit angles are negligible for all but the lowest beam

energies.

A.1.2 Errorin E;)

Calculating the effect of non-normal exit angles on 8(E;) determinations proceeds in
a similar manner as that for 8 and 1. In this case, however, the sample is not biased to +50
V only, but to +50 V incrementally. Having already shown the effect of “captured” BSE's
to be small, we will concentrate on the effect of SE's with non-normal exit angles. Then,

after Eqn. (A9),

I = x-1(0) J' I“(E) dE

0

or we can write the true current due to SE's at and below a given energy, e®,

e®
I (®)=n- I(O)J'I“(E) dE
0
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FIG. A-1. Percent error in i due to non-normal exit angles of BSE's, for incident energies
of (a) 100 eV to 500 eV and (b) 500 eV to 3000 eV.
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This time, an expression is found*> for the SE spectrum I*=(E), depicted schematically in

Fig. 2-5:
E

E (E+9)*

I“(E)=

for some proportionality constant, k, and the work function of the sample material, ¢.

Substituting, we obtain

kel -1 ¢

Lre (®) = E, 2(E+0) 3E+0)

o (Al5)

Next, after Eqn. (A10), we can write the measured SE current, IZ_(®), due to SE's at and
below a given energy ed—i.e., the current due to SE's held on the sample with the sample
biased to some positive ®, which includes those SE's with energies above ®, but whose

exit angles do not allow them to escape:

S0eV %2

I*_(®) =27 1(0) J’ J'I“(E)cosa O(ed- E cosar) sina: do dE

VYowa w2
=27-1(0) I J-I“(E)COS(! sina doo dE

0 0

21tk 10) j J(E Y cosa sinc do dE

where this time we have used the ©-function to modify the limits of integration over E.

Performing the integration over energy and evaluating at the given limits, one is lead to

2nk- I(O)j(‘ —~cos’a . dcos‘ o coso.

L (@) == I 20cosa+edy Hocosared) + gt ) Smede
which has the solution
3 2 2
e (@)= 2510 {(edJ) TIPSR C.) i WP

E, 20°(ed+9) 39 (e +9)°

From Eqgs. (A15) and (A16), then, we have
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€P) . o \__ (PP  20°(e®)’
r@_ o M e e e
2(E+6¢)* 3(E+¢)"°

Let G(®) denote the right-hand side, then we have
L.(@)=G-I_(®)

and we calculate the relative error in 3(E;) as follows:
I2(@®) _ GIL@®)

S(E,) e, = A A = G-8(E,),..
AS(E) - S(E)Jn_mi — S(E_);'le. = -
- [BE . Bk G(E)-1 (AL7)

Results are plotted in Fig. A-4 and reveal just what one would expect, given the SE energy
distribution depicted in Fig. 2-5. For small sample potentials (& < ~10 V) the effect of
non-normal exit angles on integrated current measurements (and therefore 8(Es) determi-
nations) is enormous—inflating them by as much as 120%—since the majority of SE's
posses energies below ~10 eV. For @ > 15 V, however, the effect has dropped to less
than 5%, and continues to drop as ® is increased, since fewer and fewer SE's reside at
these higher energies. It is noted that Eqn. (A17) and Fig. A-4 do not represent a worst-
case scenario, but rather a realistic and detailed calculation of the error introduced into 3(E;)
determinations as a result of non-normal exit angles, and may therefore be used to correct

O(E;) values obtained from raw data (integrated current measurements).

A.3 Expected RD Signal Magnitudes
We wish to do an order-of-magnitude calculation for the currents the rotatable
detector must be able to measure. Assume a beam current of 10 pLA, an SE yield of § =
0.3, and a BSE yield of n =0.2. Then we have a total current leaving the sample (at 0 V
bias) of Ise+Ibse =.3(10 LA) +.2(10 pA) = 5 pA. This 5 pA of current is spread over 2n
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steridians, and the field-of-view of the RD is ~10-3 sr, meaning that on the average we

would expect the signal reaching the detector to be

[ 107sr
Y

—a signal that is detectable with the apparatus described in this thesis. More specifically,

(SpA) = 8x10™ A

we can calculate the expected RD signal as a function of scattering angle, o (for the beam

current, 8, and 1 given above):
[ (@) = I(a"=0) cosa’ dQ = I(0)cosa’ dQ

We can solve for I(0), since we have already calculated the current leaving the sample:

L+ = J. I.(@)dQ = ZNTI(O)cosa sina dot = SpA
half -ephere

0

-6
=1(0)= 5x10
Which then gives
-5
I, @) =29 cosar 40
_ 5x10°°

.cosot’ (107 sr)

(A18)

Equation (A18) is plotted in Fig. A-5, illustrating expected typical RD currents as a

function of a. The figure suggests measurable RD currents even below a = 80°.

A4 Electrical Resistance of Teflon
An order-of-magnitude calculation for the Teflon sleeve is accomplished via simple
application of Ohm's law, V = IR. For a FC potential of —-50 V, and a measured leakage

current of 10-12 A, we have

R=v = 20Vt _ 5a0° @
I 10”° amps
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FIG. A-5. Expected RD signal as a function of scattering angle
Ib=10pA,0=0.3,1=0.2).

A.5 Effect of an Incident Electron Beam on the Temperature
of an Aluminum Sample

Since 3 and 1 are likely functions of temperature, it is reasonable to check the
temperature increase of the sample due to the energy being deposited by the incident
electron beam. Two basic calculations are of relevance: the equilibrium temperature, Teq,
and the time required to reach Teq. For the first, we use the relation Eip = Eqy, Where Ej,
is the energy deposited by the electron beam, and Eq is due entirely to radiative energy
loss. We then have

E,= O'(T:q -THAe
for the Stefan-Boltzmann constant o, the radiative surface area, A, and the emissivity of the
radiating body, €. We assume an incident beam current of ~10 pA and thus calculate E;, to
be ~.03 Js'l. Since the sample and sample block are in good thermal contact, we assume
E;n is absorbed by the entire sample holder; then A = 36.7 cm?2, and € = 0.3 (the emissivity
for oxidized Al). Taking the initial temperature to be T; = 294 K (21°C) and solving for Teq

then gives an equilibrium temperature of ~299 K, which translates to a rise of ~5°.
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We now wish to calculate the length of time required to raise the temperature of the
sample and sample holder by 5° C. Using the relation Q = mcAT—for the heat Q required
to raise a specimen of mass m and specific heat c by a temperature AT—together with the
relation P = Q/At (for the power, P), and assuming no radiative heat loss, we find a lower
bound to the time At required to effect a 5° temperature rise of the Al sample and sample

holder to be ~2 hours.



APPENDIX B

Scattering Angle as a Fuction of
Detector Position

The geometry described in Chapter 4 dictates that the scattering angle, o, vary

nonlinearly with detector position, @. For the two different detector arms, the specific

relationships are
For the 45" arm: @, =2cos™[1- 4sin2%

For the 59" am: @, =2cos™[1.08 5.493in2%

A conversion table derived from these equations is given below, and the relations are

presented graphically in Fig. B-1.

TABLE B.1. Scattering angle a as a function of detector

position.

L - - — — - ]
o @45 P59 o Pas P59
0 0 —_ 48 70 80
3 4 — 51 75 86
6 9 — 54 80 93
9 13 —_ 57 85 100
12 17 —_ 60 90 107
15 21 9 63 95 115
18 26 19 66 101 123
21 30 26 69 106 133
24 34 33 72 112 145
27 39 39 75 119 163
30 43 45 78 126 —
33 47 50 81 133 —
36 52 56 84 142 —
39 56 62 87 154 —
42 61 68 90 180 —
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FIG. B-1. Scattering angle intercepted by the rotatable detector as a function of detector
position.



