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ABSTRAC'I 

'the secondary electron emission coefficient was obtained for a 

lEP-'Ieflon dielertr~~ charged with monoenergetic electrons normally 

incident upon the surface of the specimen. Measurements of secondary 

emission coefficient were done for normal and oblique incidence with 

different primary beam energies in the presence of normal and oblique 

electric fields. 

'the dielectric specimen was mounted on a flat stainless steel 

platform which was located inside a cylinder. 'Ihe platform could be 

rotated by a stepper motor to make oblique meaau~~ment8 possible. 

Particle trajectories which deflected away from the specimen could be 

located with detector wires mounted on the cylinder, which could also 

! be rotated. 'this d .. ~ta was analyzed by computer simulations to find 

the pctential distribution on the surface of the specimen and the 

electric field around it. Furthermore, these computer simulations 

determined the impact point and the impact energy of the beam when, dur-

ing secondary emission measurements, it struck the specimen. 'Ihe 

systEm's alignment was checked by finding the platform position that 

corresponded to normal incidence using the two types of measurements 

mentioned above and comparing experimental and simulated data • 

The experimental data were taken by setting the platform to 

different positions. Then a coll1mate~ probing beam was directed to 

different points on the surface of the specimen and the released or 

accumulated charge was monitored using an electrometer connected to 

the meta11zed coating on the back of the specimen. The measured data 

for different probing beam energies, different impact points and 
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different analea of incidence were ~lotted va. impact eneraY and 

impact point. Alao, the normal and tangential electric fields were 

obtained for different points on the surface of the specimen. 

A brief review of classical secondary emission theory and straille 

theory is presented. The straille theory matches well with experi-

mental reaults in resions havinl nellilible electric field. Also, 

an empirical modification of this theory can match the experimental 

results in the presence of normal electric field; however, in the 

presence of tanlential electric field the data depart from the values 

of secondary emission coefficient predicted by theory. 
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I. INTRODUCTION 

The surface of a spacecraft is often covered with dielectrics which 

are exposed to charged particles. In vacuum. charged particles accumu-

late on these insulators. sometimes making a potential of up to a few 

kV. Unfortunately, the charge distribution on the spacecraft body is not 

uniform. As a result, flashovers are created between different points 

on the spacecraft. The arcing can cause different problems. such as 

eroding of surface materials or resetting the logical circuits inside 

the spacecraft. This is frequently observed in our experiments when 

flashovers inside the vacuum chamber have reset the logical circuit of 

the stepper motor. Reduc~ion of the flashovers requires a study of these 

dielectrics and their behavior when subjected to charged fluxes in vacuum. 

Previous studies(l-8) have been related to this problem. 

When a dielectric specimen is exposed to a monoenergetic beam of 

electrons, the surface charge which is established depend~ vrimarily on 

the accelerating voltage and the geometry of the spec1me~(1,2,3). J. W. 

Robfnson(I,2,3) developed a technique for measuring surface charge dis-

tribution without placing any measuring apparatus near the face of the 

sample. It was found out that the potential is :learly flat around the 

center of the specimen and it falls sharply around the edges. His 

results for FEP-Teflon dielectric are given in (2). 

These results were used by N. Quoc-Nguyen(6) to calculate the 

potential distribution on the surface of the specimen and fields around 

it by a combination of a conformal mapping and an integration of a two-

dimensional Green's function. He obtained the effects of normal electric 

fields on the secondary electron emission coefficient for a dielectric 

# "" 
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specimen with different surface charges. According to his results, 

critical energy, which is the energy ~ilat yields a 11nity secondary 

emission coefficient, increases as electric field gets stronger. 

It was not possible to measure secondary emission coeffi~ient with 

an oblique angle of incidence in the system used by Quoc-Nguyen. Also. 

his system was hard to analyze mathematically. Therefore. it was 

necessary to design a new system so that measurements could be made for 

different angles of incidence and the system could be presented in a 

simple mathematical form. 

A system to suit these goals was a grounded half cylinder which 

could be rotated in front of a probing beam. The dielectric specimen 

was placed on a flat platform which was located in the center of the 

horizontal plane. This is shown in Figure 1. The dielectric can be 

charged with another source and, because of the special geometry of the 

system. the charge distribution on the surface allowed for both normal 

and oblique electric fields to be present. This charge distribution is 

estimated by finding particle trajectories shaped by the environment 

using a computer simulation of the experimental system(7). These 

simulations calculate fields, generate trajectories, and find equi-

potential lines. 

This new system was used by P. A. Budd(8) to do secondary emission 

measurements for a dielectric which was charged with a normal electron 

beam. Measurements at oblique ang1~s were done mostly near the center 

of the specimen where the field was normal. 

The work reported here is an extension of previous works and it 

has been mainly concertied 'J,i':::t finding fields and secondary emissions 

using normally and obli(I\:~l" ~uc.ident electrons near the edge of the 

2 
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specimen where field was not normal. These measurements are compared 

with values predicted by strag31e theory which is modified to account 

for normal electric field. This is done because the value of critical 

energy changes in regions with strong electric fields. Furthermore. 

4 

the expression for the secondary emission coefficient predicted by theory 

can be simplified by considering only particles with high impact energy. 

A. Secondary Emissio\ Theory 

There are different theories concerning secondary emission 

phenomena. One of these theories is the straggle theory which is used 

by other people and it has shown a good match with experimental results 

in regions with a negligible electric field(9). Furthermore. a modified 

version of this theory was used in previous work(8) in regions with a 

normal electric field and it has matched the experimental results. 

Therefore. t~e straggle theory is used in this work. A brief review of 

secondary emission theory has to be considered. 

When a target is bombarded by electron beams. it emits electrons. 

For some range of the electron beam's energy, the number of electrons 

that leave the target's surface may be larger than the number of inc om-

ing electrons. The incident electrons are called primary electrons and 

the emitted electrons are called secondary electrona. Electrons that 

leave the surface are divided into three categories, those primaries 

which are reflected elastically, those which are reflected with some 

loss of energy, and those electrons which were originally in the target. 

This third category of electrons have obtain~Q sufficient energy from 

the primaries to escape from the target(lO). 
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A typical energy distribution of secondaries. taken from Dobretsov 

(11). is shown in Figure 2. The ordinate N(E) is the number of secondaries 

produced and E is the pr1aary ener~1. Three peaks {l. 2. 3} correspond 

to the three categories of electrons mentioned above namely. elastic. 

inelastic and secondarie~respectively. 

In this report. the secondary emission coefficient a is defined to 

be the ratio of all electrons that leave the surface to the number of 

primaries. This coefficient depends on the primary electron energy. 

temperature of the surface. pr~s£~re, cleanness. the angle of incidence. 

the work function and the potential distribution on the surface. For 

many conditions, the true secondary emission is nearly the same as the 

sum of the three types. Thus the theory used is that for true secondary 

emission(ll). The number of true secondaries produced is given 

theoretically by 

o· In(X)f(X)dx (1) 

where n(x)dx is the number of secondaries produced in the layer x, x+dx 

by a primary and where f(x) is the probability for those secondaries 

produced to escape from the target(12). The range of the integral 

is the thickness of the sample. 

It is assumed that n(x) is proportional to the change of energy 

of the prtmary as it travels through the sample or 

n(x) • _ K:dE 
dx (2) 

The probability function f(x) is given by an exponential absorption law: 

f(x) -ax 
- e 

(3) 
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Figure 2. The energy distribution of secondary electrons 
for tungsten. 

I'M ;. 

6 

l 
200 

E 



l. 
[ 

L 
[ 

7 

B. Stra"l. Theory 

Amonl different theories pre.ented for secondary emi.sion phenomena, 

this theory alree. well with experimental result. except that it does 

not predict field effect.. It was orilinally presented by R. G. Lye and 

A. D. Dekker(13). 

The theory basically assumes that the enerlY of primaries is 

equalized over the ranle that primaries travel throulh the sample. 

Accordinl1y. the enerlY 10s8 is constant over the ranle and is given by 

(9.14.15.16) 

~.-~ (4) 
dx R 

wherp. EimP is the impact enerlY of a primary and R i. the ranle. 

According to elementary theory. the number of secondaries produced 

in the sample is 

dE 
n(x) • - K di (5) 

from which is obtained the result. as shown in Figure 3. that 

E 
n(x) • K ~, 0 ~ x ~ R 

R 
(6) 

This result occurs because the number of primaries decreases linearly 

with distance as they travel through the sample. This can be put into 

the follOWing mathematical form: 

P(x. Eimp> ~ 1 - x/a 

where P(x. Eimp) is the probability that a primary with initial ener~ 

Eimp travels E;)1ilC distance x through the sample. This can be shown by 

(7) 
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11&ure 4. 

Thi. theory a •• ume. that the primary ranle & i. proportional to 

the initial energy limp rai.ed to .0 .. power, a. shown by 

1l • Cln+l 
1IIIp 

where con.tants C and n depend on the type of material. 

According to the atraggle theory, the secondary emis.ion co-

efficient 6 may be calculated from Equations I, 2, 3, and 6 to be 

When equation 8 18 true, then the expr ... ion for 6 18 

6 • ICE 

n+l 
1 - exp(-uC! ) 

imp 
imp 

CE
n+l 

a imp 

When the impact enarlY 18 hi,h, the exponenc1al part in Equation 10 

i8 neglig1b1~ and 6 becomes 

6 • -.::J(~ __ 

n 
aCE1mp 

Thl8 can be written in the following form: 

E 
6 ( .-.)n ... ,....-

Eimp 

where n is some number depending on the type of sample used and the 

(8) 

(9) 

(10) 

(11) 

(U) 

critical energy E 1s the energy that correspond. to • unity secondary c 

coefficient 6 • 1. 

I 
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Figure 4. Number of primary electrona as a function of 
depth. 
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The secondary emission coefficient 6 in Equation 10 can be 

rewritten(10) by assuming that 

where 

z • 

1 

(aC)n+l E 
imp 

Equation 10, after some manipulation, then becomes 

1 

o • K (at) n+~ (z) • 
n 

• • .. I. _ - -. ----,. __ -... 

11 

(14) 

(15) 

The maximum value of 0 itl found by Clifferentiating Equation 15 and 

setting it to zero to find the corresponding z. This value of z called 

z is substituted into Equation 15 to find the secondary coefficient 0 m m 

1 

o - KH (z )(~C)- n+l (16) 
m n m 

where z is given by 
m 

z • m 

Dividing 0 in Equation 15 by om in Equation ~6 and substituting z and 

z as shown in Equations 14 and 17, the following form is obtained: 
m 

H '~Ei zm/E= m) 
0/0 • n mp ~ 

m H (z ) 
n m 

The Equation 18 is a universal reduced yield curve. 

(17) 

(18) 
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c. Straggle Theory Including Angle of Incidence 

Experiments have shown that secondary coefficient 6 increases for 

primaries with oblique angles of incidence(17). The raason is that 

secondaries produced are closer to the surface and there is a stronger 

probability that they escape. This can be understood better by con-

sidering Figure 5. In this case, the probability function becomes 

f(x) -axcose 
- e 

where the mean path has changed from x to xCos6 (18). By looking at 

the probability function we observe that it has increased compared 

-ax to f(x) - e for the normally incident case. 

As usual, the number of secondaries produced is 

n(x) dE 
.... - dx • 

(19) 

(20) 

According to the main assumption in straggle theory, the energy loss is 

constant and is given by 

dE Ei 
-=-~. 
dx R (21) 

Therefore, 

E 
n(x) = K ~ (22) 

R 

where R is the range and it is equal to CE:. The equation given in 

elementary theory for a yields 

6(x) • f~f(X) n(x) dx • (23) 

; 
; 
l 
1 

, 

I I 1 

1 : 
1 
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Sub8tituting Equation8 19 and 22 in 23, we have 

R E .. 
6(x) • J K ~ e - aKC08 e dx 

o R 

which, after 80me manipulation, yields 

KE .. 
6 • imp (1 - e -allCose ) • 

RcCose 

n+l 
Since R • CEimp (13), 6 become8 

or 

KE 

6 • ~n+l 
CaCoxe Ei mp 

K 6 ... ----;--.. n 
caCose Eimp 

.. 
(1 - e -aRC08e ) 

.. n+l 
(l - e -aCcose Eimp) • 

tWA • AU. ,2 sa: 

14 

(24) 

(25) 

(26) 

(27) 

When the primary energy Eimp is high. the exponential term in the 

above equation becomes negligible and 6 becomes 

6 __ ...;K~ 1 
n 

aCE imp cose 
(28) 

This can be put into the form 

(29) 

which }.s similar to Equation 12 except that it is multiplied by the 

factor .~ • 
cose 

The two parameters E and n are as defined in Equation c 

12 for thp. normally incident case. According to Equation 29. the 

ratio of 6 for two different angles is 

(30) 

',Q ·'l 
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Again as it was done for normal incidence in the laat aection, 

a universal yield curve can be found by assuming that 

where 

n+l 
H (z) • 1 - e!p(-z ) 

n zn 

1 
~ n+l 

z • (aCCose) limp 

Using Equations 31 and 32 in Equation 27 gives 

J.S 

(31) 

(32) 

1 
'" - n+l 6 • K(aCCose ) H (z) • (33) 

n 

The value of z that maximizes H (z) is z and the corresponding 6 is n m 

6. Therefore, 6 becomes m m 

1 

6 • K(aCCose )- n+l H (z ) • (34) 
m n m 

The ratio 6/6 can be found by dividing Equation 33 by Equation 34 as m 

follows. 

1 
6/6 • H ( ) H (z Eim /Ei ). m z n m p mpm n m 

This agrees with the universal yield curve(lO). 

D. Summary 

Secondary electron emission is the phenomena by which electrons 

are emitted from a solid bombarded by charged particles. There are 

different theories governing this phenomena and most of them give 

similar results. The straggle theory was presented in this chapter 

(35) 
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because its modified form has matched the experimental result of 

previous work(8). 

According to this theory, the exp~ession to determine 6 for 

normal incidence is given by Equation 10 and the expression to 

determine 6 for oblique incidence is given by Equation 27. When the 

impact energy is more than 1.5 kV, Equations 10 and 27 reduce to 

Equations 12 and 29. The values of 6 calculated by these approximate 

forms are compared to experimental values of 6 in Chapter IV. 
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II. EXPERIMENTAL SYSTEM 

This chapter describes different parts of the experimental 

system which are used in this work. The main structure of the system 

is unchanged from what was explained by P. Budd(8). However. some 

significant changes made the system easier to use and less noisy. 

The basic system as shown in Figure 6 was inside a 45 cm diameter 

stainless steel jar. Hard vacuum inside the jar was achieved by using 

a turbomo1ecular pump and all measurements were done at a pressure 

-6 below 10 torr. The dielectric specimen was mounted on a grounded 

stainless steel platform which was located inside a grounded cylinder 

with an opening as shown in Figure 6. The cylinder and platform were 

rotated by stepper motors which were located outside the jar. Each 

motor step corresponded to 1.8°. 

A. The Dielectric Specimen 

The dielectric specimen was a piece of .125 mm FEP-teflon 

material which was covered on its backside by a metal coating. The 

specimen was located on a flat stainless steel platform and it was 

covered by a thin sheet of stainless steel which had an opening in 

the middle. This opening defined the rectangular piece of dielectric 

that was to be tested. 

The metalized coating was cut into two parts by a slit which had 

a Width of about 0.3 mm. It was made as narrow as possible so that 

the field around the slit wouldn't be disturbed. The purpose of the 

slit was to calibrate the deflection voltage O! the beat!. It <11s0 

determined how wide the beam was. The slit "(vas made about • ") mm from 

the center of the specimen. 

17 
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Figure 6. Parts of the experimental system inside the 
vacuum chamber. 
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A picture of the specimen. platform. cover sheet and the slit is 

shown in Figure 7. Since the platform was grounded. the back 

metalized portion of the specimen was insulated from it by another 

dielectric sheet. Two cuts were made in this insulator dielectric 

and two wires which passed through these cuts connected the two parts 

of the metal coating to two pins outside the vacuum system. 

B. Flood Gun 

The charging of the sample was done using the flood gun which 

consisted of a tungsten wire and accelerating electrodes. It was 

capable of producing a broad electron beam which could cover the whole 

specimen and charge up all the points on the surface of the specimen 

simultaneously. A high voltage power supply in the range of 0 to 3O-kV 

was used to accelerate electrons produced from the tungsten wire 

toward the specimen. 

C. Probe Beam 

Another feature installed in the system was a collimated electron 

beam. The dimensions of the beam which passed through a slit were 

about .15 mm x 1 mm(8). These were much smaller than dimensions of the 

flood gun beam. The beam was produced from a tungsten filament and 

e,lectrons were accelerated using the same power supply used for the 

flood gun beam. Since the filament was fixed at two points. there 

was some kind of stress on the filament because it would expand when 

it was turned on and it would contract when it was turned off. This 

stress caused the filament to break frequently and it had to be 

replaced. In order to avoid this breakdown, one end of the filament 

19 
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was left loose so that the expansion and contraction wouldn't cause 

breakage. 

The probing beam passed between two deflection plates so that 

the beam could impact the specimen at different. angles and different 

positions. Anytime the filament was replaced. there was a shift in 

the deflection voltages corresponding to different points on the 

specimen because the new filament was not placed exactly as the old 

one was. This shift could be calculated using the deflection factor 

D (rad/V) as will be explained in a later section. 

The probe beam was used when the window of the cylinder was 

turned away from the specimen. Thus. the beam could not have approach­

ed the specimen except that a slot had been cut in the cylinder to 

admit the beam. This slot had a length of more than half the cir­

cumference of the cylinder. 

D. Detector Wires 

There were four detector wires located outside the cylinder slot, 

but mounted so that they would turn with the cylinder. Therefore, it 

was possible to detect where the beam entered and left the cylinder by 

rotating the cylinder until one of the wires intercepted the beam. 

Detector wirea were used to conduct reflected-trajectories experiments 

as explained in Chapter III. 

E. Deflection Factor 

It's necessary to introduce the deflection factor D here. It's 

defined as the angle be~ween the beam and the normal to the cylinder 

surface per unit voltage between the deflection plates. Therefore, it 

has the units of radians per volt. 

21 
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The deflection factor D wa. determined a. explained here. Two 

electrometer. were connected to the two back •• ction. of the .pec1men. 

Then a beam havina a certain eneray wa. directed toward the platform. 

When a chana~ of deflection voltaae cau.ed the be .. to p •• e over an 

edae of the .pacimen, the electrometer current chanaed. Thue, the 

deflection voltaaea correapondina to the alit and the outeide adaes 

were detected. 

The deflection factor D wae calculated from the ,eometry of 

Fiaure 8. In this fiaure, the distance a between the epec1men and 

the point whe~e the beam entere the cylinder is added to the correction 

term c which ariaes because the beam ia deflected before it entera 

the cylinder. The radius is 2.54 em and the correction term ia con-

sidered to be 1.0 em which ia the distance between the cylinder and 

~oint of deflection(8). The half-width B of the specimen ia 3.25 mm 
a 

and the deflection anale B 1a calculated from 

1 B 
B • tan- ~ a+c 

As a laat atep the deflection factor D ia determined by d1vidtna 

(36) 

28 by the deflection voltaae that sweepa the beam across the specimen. 

As an example, when the beam enerlY is 9.5 kV the edaes of the 

specimen are detected at 430 V and -660 V. Therefore. D 1s 

-4 
D • 1.67 x 10 rad/V (37) 

The deflection factor D for a beam with an energy of E is 

(38) 
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Figure 8. c,eometry used to calculate th~ deflection 
factor D. 
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Because the beam i. deflected at a point outside the cylinde~t a 

correction factor ba~ to be considered. Fiaura 9 shows the .eomatry 

used to calculate the conection factor. The anale t 18 the &4Ile of 

inclination relative to the radius and 8in locates the effective sourCQ 

point of the beam. U.ina triao~ .. tric relaLionahipa, we can obtain 

• • - 1.4. and 

.. 
where. i. the corrected &nale of inclination relative to the radius 

.. 
and 6

in
1 .• the corrected anale that locate. the injection point as 

shown in Fiaure 9. 

In th18 calculation, it waH aIBumed that. is sll\&11 enouah so 

that sin • ~ t. 

F. Pulle Circuit 

(39) 

(40) 

When the specimen was cbaraed prior to the recordina of data, the 

probe-beam had to be kept away frOID the charaed specimen. Otherwise, 

the beam would chanae the potential distribution on the surface. At 

the aame time, it was de.ired to hit the specimen with the beam for 

seconclary measurements. Thus, it was necessary .:t.> desi.n a pulae 

circuit to deflect the beam to different points on the specimen during 

the measurements. When no pulse was trigered, the beam hit the plat­

form and not the specimen. This circuit 18 shown in Figure 10. 

The circuit contained a positive 5 volts power supply and several 

different stages were designed to aenerate the pulse. The first stage 

was an RC circuit de.aigned such that by pushing a switch an impulse was 
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Figure 9. Representation of reflected trajectory and 
corresponding angles. 



~t 
~-'.' - I 

:-w lSK-.... • 'Nt • ... 

-

I.SMO 

- --

2 

.OOlS\JF 

5 1 
lO\JF 

..-

\' 
10\1 

-

3 .... -+--,.--i 6 

6 

~ .... 

4 

3 

-~ ---._- - .,. ,.-.... -~ 

~ ..-- - -9:- ' 

+10V 

I.SMO 

v lOOY. 
, V 

- • out 
5 11 .V 

7 

8 

+5V +5V 

14 

V 
10\1 

Figure 10. Pulse circuit. 

, 
J 10K I 

j , 
1 
1 

, 
! 
) 

N I 00 

. 

.. _J 



--------~--__________________ ~_--~--.-----------------------a+M-.~--------~----~--~. 

l. 
L 

! 

L 

l 
L 
I 
[ 

! 
L 
r ' .. 

I: 
[ 

r 

27 

produced as shown i~ Figure 11. 

The next stage of the pulse circuit was a reliable bOUDce1ess 

pulse generator which was achieved by using a 555 timer connected for 

monos table operation. The impulse was applied to the input of the 

timer circuit and a mono stable pulse was produced as shown in Figure 

12. The width of the pulse Twas determinad by a discharge capacitor 

c. A range of pulse width T from .1 ms tol.Sswas provided by locating 

six different capacitors in the circuit. The pulse width then was 

selected by switching its corre.ponding capacitor into the circuit. 

The pulse generated in the 555 timer circuit was passed through two 

consecutive inverters from which both the pulse and its inverse were 

available. 

The pulse then was applied to the last stage which is shown in 

Figure 13. Transistor Tl amplified current so that T2, was either 

cut off or saturated. Therefore, Vout was either Vhigh or Vlow' Gain 

was sdjusted so that the lower part of the pulse was flat and the 

transitions were sharp. The collector of T2 was connected to one of 

the deflection plates and the oth~r deflection plate was grounded. 

If Vhigh was high enough, then the beam hit the platform and it 

did not discharge the specimen. Different points on the specimen 

could be hit by setting Vlow to different voltages and by triggering 

the pulse generator. 

G. Charging and Discharging of the Specimen 

The chQr~iti6 of the specimen was done using the flood gun which 

was previously described. During the process of charging, the opening 

of the cylinder faced upward and the platform L lS horizontal so the 
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Figure 12. The output of the timer circuit. 
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I. flood gun beam could hit the specimen at normal incidence. After the 

specimen surface was bombarded with theae high energy electrons. the 

I. ' filament current waa turned down and the cylinder was rotated until 

~ the opening faced downward. 

~ \ 

A similar procedure could be used to discharge the apecimen. In 

this case. the filament waa turned on and the platform was aet at a 

L 
horizontal position ao that the beam could hit the specimen at normal 

incidence. The power su,ply was turned to a high voltage and then it 

[ was slowly turned t~ zero. 

The reason why the specimen charges when the voltage is increased 

I, is that when the impact energy of primaries is larger than the critical 

I 
energy. the secondary emission coefficient is less than one according 

to Equation 12. Therefore, the number of electrons that are leaving 

[. the surface is less than the number of electrons that are hitting the 

surface. As a result. the specimen charges up. 

r 
l When the impact energy of primaries is less than the critical 

face than hitting the surface and the specimen discharges. This is 1 
I 

energy, with a similar reasoning. more electrons are leaving the sur-

the case when voltage is turned down. 

At some point. it was decided to try an ultra-violet light source 

L for discharging purposes. The photons would give enough energy to the 

[ 
electrons on the surface of the specimen that they would escape from 

their bounds and leave the surface. For this purpose a source was in-

[ stalled on top of the box that contains the flood gun filament. A 

hole was made on the top face of the box so that the high energy beam 

r 
~. could reach the specimen. This design is shown in Figure 14. 

r 
, . 
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The device was tested and a current of about 10-10 A was observed 

in the electrometer connected to the specimen. This meant that with a 

charge of about 10-7 C on the speci~.nt the discharge ti~ would 

3 be about T • 10 s. This time period is quite slow compared to 

using the flood gun filament which takes only a few seconds. The 

reason for this slow discharging process could be because the light 

intensity was not high enough. A higher intensity device was not 

available and this method was abandoned. 

The charging and discharging of the specimen was monitored by 

electrometers connected to the backside of the specimen. There was 

always a possibility that either some negative charges would remain 

on the specimen or that it would become positively charged. 

H. !!!!day Cup 

The Faraday Cup was a collector cup which measured the beam 

strength. It was constructed from a light-weight stainless steel and 

it is shown in Figure 15. The cup was installed on the cylinder such 

that it straddled the slot as shown in Figure 16. It's seen that the 
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beam can get into the cup easily. The cup was built such that the edges 

were bent toward the inside so there would be less chance for secondaries 

to escape from the cup. Furthermore, the inside of the cup was blacken-

ed with carbon in order to reduce the secondar.y coefficient of the 

primary electrons entering the cup(20). 

To measure the beam strength, the cylinder was rotated until the 

cup was almost in the way of the beam and then, the beam was pulsed 

into the cup. When beam strength was not being measured, the cylinder 

was rotated so that the beam could enter the cylinder. The best 
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advantage of this feature was that the cup was located outside of the 

electrostatic environment of the specimen; therefore, there was not 

any field perturbation. Also, it was easy to inetall the cup. The 

cup was tested by measurements explained in Chapter IV and it worked 

correctly. In the be.innin. another desian for the Faraday Cup was 

considered. This desian i. explained here. 

Next to the .pecimen, there was an openinl which had a 1 am width 

and a 10 am lenlth. Beneath the open1nl was a cavity in the platform 

as shown in Fiaure 17. The cup had the same form and was built from 

the same material as the last case. The cup was carefully inserted 

into the hole so that it didn't touch the grounded platform. The metal 

strip that supported the cup was insulated from the platform at 

connection points. A wire connected the back side of the cup to a 

pin outside the vacuum system for monitoring purposes. The beam was 

deflected into the cup so that its strength could be measured. 

Note that installing this cup was very time consuming because 

the platform had to be taken out and a hole had to be made inside it. 

Inspite of time and effort that was put into this design, it didn't 

collect the beam completely. This was found out by doing secondary 

measurements for an uncharged specimen which will be explained in 

Chapter VI. Therefore, the other design was used and the results wp-re 

satisfactory. 

1. Noise 

At times, electrical noise would cause the electrometer and the 

strip chart recorder to have a violent movement and oscillation. 

According to Budd(8), the noise was responsible for at 10% error in 

= -, 
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hi ..... urement.. A careful .tudy of the noi.e enabled the authc;r 

to reco,n1ze the nature of the noue. The 1nterut1na rellult wa. that 

the nature of the noi.e wa. mechanical and not electrical. 

The noise was di.played on an o.cillo.cope and it wa. found to 

contain two .pecific frequencie.. One was a 40-60 Hz .ignal which was 

not very .ipif1cant and the other was about a 300 Hz .ianal which 

came from a turb01ll01ecular pump tuminS at 16000 rpm. The pump would 

cau.e vibration in the wire. connected to the .pec1lDen and this w .. 

responsible for the noi.e ob.erved with the electrometer. When the 

pump was turned off, the noia. disappeared. Al»n, the vibration w •• 

excited by hittina the chamber with a hammer. The effect wa. a 

.1Dlultaneoua incr .... in the noia. l.vel. 

B •• id .. responcU.na to noise, the electrometer also drift.d. Ho.t 

of the t1ae, the drift wa. a ramp cau.ed by stray current; howev.r, at 

times, the drift was ob.erved to chanae spontaneou.ly a. well a. in 

respon.e to a chana. in operat1na conditions. 

Since the cup wa. in.talled outside th-= cylinder. it was expoaed 

to free electrons inside the chamber. As a result, a high drift rate 

was observed on the electrometer connected to the cup. Furthermore, 

sometimes a drift sianal was observed ~n the apec1aen after it was 

charged. Thue drif ta would make it hard to recapize the beg1lm1n& 

or the end of the charge or discharge pulse on the strip chart re­

corder. An example of this situatiQn and the noise is shown in F1&ure 

18. 

At some point. it was decided to bias the metal bell jar of the 

vacuum system to some positive potential 80 that s~attered electr~D8 

38 
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Figure 18. Noise added to the pulse. 
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which cau~ed the drift would be absorbed by the jar and the drift 

would be reduced. Therefore, the platform was isolated electrically 

from the jar by using Teflon tapes and the jar was biased which caused 

the drift rate to change. It was not possible to isolate the jar and 

the platform permanently because of the special geometry of the jar. 

and this method was abandoned. Rowever, the idea is very unique and 

it can be used for future designs. 

J. Sianal Monitoring System and Filters 

Charge or currents that had to be measured were passed through 

a low pass filter and then they were monitored by a 600 B Keithley 

electrometer. The output of the electrometer was passed through 

another low pass filter and finally, the filtar's response was applied 

to a strip chart recorder. This is shown in Figure 19. The first low 

pass filter (LPF1) had a major impact in reducing the noise level. 

This was because the noise was filtered out before it reached the 

amplifier in the electrometer. 

Since the work dealt with currents on the order of picoamperes, 

the electrometer was set for a sensitive scale which was unstable in 

the presence of a filter with high capacitance. High value capacitors 

would turn the electrometer into adifferentiatorand as a result it was 

very sensitive to varying signals. 

An RC low pass filter was designed with a 50Mn resistor and the 

capacitance of a 60 em long transmission line (42 PF). Figure 20 

shows the filter and other features of the electrometer circuit. At 

times, when more filtering was desired, extra capacitance was added 

to the filter. Since the electrometer had an OP-amp with feed back, 
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its input resistance was practically zero. As a result, the filter's 

capacitor was practically shorted; therefore, a 4OMO resistor was put 

in series with the electrometer to provide a higher value of load 

impedance in parallel with the capacitor. 

A biasing circuit produced a D.C. current which cancelled the 

drift produced by either the specimen or the cup. The amplitude of 

the D.C. current was controlled by adjusting a pot. This device was 

electrically connected to the low pass filter LPFl and it is also 

shown in Figure 20. 
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Ill. MAtHEMATICAL MODELING OF THE SYSTEM 

Mathematical modeling of the surface potential is explained in 

detail in previous works(6,7}; however, a brief review of these models 

and assumptions is necessa~y. 

Three-dimensional simulations have shown that the system can be 

modelled in two dimensions with some associated error which is small 

for the experimental geometry. If the cylinder length is 2.5 times 

the diameter and if the specimen length is equal to the cylinder 

diameter, then the error in two dimensional calculations is negligible 

(3). This was shown by finding the solutions of Laplace's equation in 

terms of orthonormal functions(19}. Two dimensional simulation has 

made the computation of potential and fields simpler. It uses a con-

formal mapping which transforms the half cylinder represented by a 

semicircle, into a plane as shown in Figure 21. The semi circle has 

radius a and the specimen width is 2B, as shown in Figure 21. Points 

inside the semicircle (W - plane or U + iv) are transformed into the 

Z plane (or x + iy) by the mapping 

Z • 2W (41) 
1 + (W/a)2 

which cuts the circle at W • 18 and opens it into the Z plane. The 

three points -a, 0, a along the V axis don't move. However, the edges 

of the specimen at W • ± B transform into new positions at Z • ± B. 
s 

Since the specimen width B is small compared to at the transformed 
s 

specimen width is approximately twice the original one. 
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The potential of a point is the same in both the W plane and the 

Z plane; however. the field components are different and they have to 

be transformed back to the original (or W) plane. Therefore. it is 
dZ 

necessary to find the derivative of the transformation dW (or s + it) 

which is given by 

~ _ 2{1 - (W/a)2} 
dW {1 + (W/a) 2}2 

Once sand t are obtained, the inverse transformation of the field 

components is done by using(l) 

E -sE +tE 
u x Y 

E - -tE + sE v x y 

The surface potential Vex) is defined to be a polynomial in the 

transformed variable and it is given by 

N 
Vex) - t A (x/B)n, N finite 

n-a n 

It has been assumed that the potential has even symmetry about 

the origin with even n's. The potential of A point (x,y) in the Z 

p~ane is given by 

V~(x,y) _ z J B V(n) dn 
w -B (x_n)2 + y2 

where the intearal is taken over the spectmen's surface. 

: : .~. 
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A. Measuring the Surface Potential 

At the center of the specimen fields are normal. This can be 

shown by considering the shape of the potential curve as shown in 

Figure 22 and the relationship E • -VV. 

If the beam is normal to the specimen and no deflection voltage 

is applied, it will hit the center of specimen. This is due to the 

fact that, at the center, fields are normal and they will not bend the 

beam. This allows us to measure the surface potential with direct 

beam impact in the center of the specimen. 

The surface potential Vo is less than the high voltage bias on 

the flood gun because the surface charge stabilizes at an equilibrium 

state where there is a unity secondary coefficient. At this point, 

for any electron that strikes the specimen one leaves. Any particle 

with energy larger from this equilibrium energy can either charge 

or discharge the specimen. 

To measure the surface potential experimentally one first charges 

the specimen by rotating the platform to a position where it is normal 

to flood gun and turning the flood gun on. Then the platform is 

rotated to the position of normal incidence for the probing beam and 

the cylinder is rotated to allow tbe beam to strike the specimen. The 

high voltage of the pulse circuit (or Vhigh) is set such that the beam 

is hitting the platform and not the specimen. The low voltage (or 

Vl ) is set such that the beam will hit the center of the specimen ow 

when the pulse is triggered. The metal coating behind the center of 

the specimen is connected to an electrometer which monitors the 

charging or discharging of the surface. Then the probe beam voltage 
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ia aet at a value leas than the 8urface potential Vo 80 that the beam 

will not hit the center of the speclmen. 

At this point, a pulse is triaaered. Afte~ each triaaer, the 

beam voltaae is increased by 8teps of SOV until a response occurs. The 

first voltaae that causes a reaponse is the surface potential. 

When the beam hits the specimen the surface potential will chanae 

due to charae ~r discharas of the surface. After this happen8, the 

cylinder and the platform have to be rotated to the charaing positions 

and the specimen has to be recharged. The electrometer indicates 

whether or not the specimen is struck and its response is shown 

qualitatively in Figure 23. The small negativf: portion of the curve 

is seldom seen and corresponds to the region for which 6 is less than 

one. 

Table 1 shows the surface potential measured for different flood 

gun voltages. The first entry(12. 10.1) was measured a few months 

before the second entry (12.6, 10.2) was measured. As we see, the 

difference (12-10.1) is not equal to the difference (12.6-10.2). This 

49 

is due to the fact that the characteristics of the specimen had changed. 

Possible reasons for this change are contamination of the surface 

and use. A difference of 2.7 kV was measured in previous work(8). 

The difference between 12.6 &lld 10.2 is 2.4 kV which is very close to 

the value of critical energy used for calcuL:!ion of secondary 

coefficient in Chapter IV. 

B. Particle Trajectories (non-impacting) 

Particle trajectories are found experimentally by using detector 

wires on the cylinder. These deflection measurements are done by 
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Table 1 

SUU'ACE POTENTIAL AT TIl! CENTEll lOll DIFFERENT FLOOD GUN VOLTAGES 

Flood Gun Vo1tai~ (kV) 

12 

12.6 

10 

Surface Potential (kV) 

10.1 

10.2 

8.1 
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charaina the specimen first. This i& done by rotatina the cylinder and 

the platform to the horizontal position and turnina on the flood sun 
syste.. Then the probe be.. is turned 00 with a bias les. than the 

... U~ (ace po:ential ao it can't hit the spec11Den. One of the detector 

wires is connected to an electrometer and the other electrometer i& 

connected to the backside of the specimen. This second electrom.ter 

shouldn't indicate any response; otherwise. it .. ana that the surface 

of the specimen h .. been struck and the specimen h .. to be recharaed. 

The platform is set at a desired position and a power aupply is connect-

ed directly to the deflection platea. This voltaae is varied until a 

respons~ 18 obaerved in the detector wire. If no response is observed 

then the cylinder position i. chanaed and the voltage i. varied aaa1n. 

Fiaure 9 ahows how the beam i. deflected. In thi. fiaure the 

source point of tbe electrons is .. sumed to be I c~ from the cylinder. 

However. the source pOint used by the simulation is the point where the 

trajectory first crOS'jes the cylinder. The angle of incidence ain was 

found froID. 

61 • 90· - (PI - Pl ) x 1.80 

n r p 
(47) 

where PI is the platform ~osit1on for which the incident beam is normal r 

to the specimen. This corresponds to a platform poaition of 25 because 

the platform position 00 is horizontal and the probe gun i. ~et 

approximately at a 45 0 &nile with respect to the horizontal plane. Due 

to slight misalignment in the system, a platform position of 27 was a 

better choice for normal position. This was verified using deflection 

measurements and secondary coefficient measurements as will be shown 

in Chapter IV. The exit anale e t is obtained from ou 
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where eyl is the cylinder position and eyl is the cylinder position 
p r 

for which the beam hits a detector wire directly before entering the 

cylinder. 

An experiment was conducted to measure eylr using a 9.5 kV probe 

beam with a detector wire connected to an electrometer. The cylinder 

5·3 

was rotated and the deflection voltage was changed until the beam could 

hit the wire directly. The results are shown in Table 2. The tirst 

column is the cylinder position. the second column is the deflection 

voltage and the third column is the current in the detector which is 

much larger for a dirert hit than when a reflected beam hits the detector 

wire. From data in Table 2. the cylind~r position that corresponds to 

correction daflection voltage VD was found to be 73.7. Therefore. the 

equation for exit angle e t (ieComes ou 

6 t - (eyl - 73.7) x 1.80 + 6i . ou p n 
(49) 

The reference platform position was chosen to be 27 because it 

provided the closest match between the simulated exit angle and experi-

mental exit angle. The ~~gle of incidence 6in was found by using 

Equation 50 

6
i 

- 90 - (27 - Pl ) x 1.80 

. n P 

where Pl is the pl~tform position. 
p 

(50) 

The summary of equations used to find particle trajectories are as 

follow;;. 
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Table 2 

CYLINDER POSITION, DEFLECTION VOLTAGE AND CURRENT IN THE 
DETECTOR WIRE FOR A SAMPLE DEFLECTION MEASUREMENT 

Cylinder Position Deflection Voltage 

75 360 

74 +39 

73 -343 

I (A) 

.7 x 10-9 

.7 x 10 -9 

.7 x 10 -9 
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, - 1.67 x 10-4 (9.5 V + VD) 
E Def 

.5.5 

(51) 

The first three of these equations were developed in Chapter II, where 

the deflection factor D was explained. The parameters, VD and Plr , 

assigned the value of 27, wete determined as explained in the next 

section. 

C. Determination of V
D 

and Pl
r 

This section shows how parameters V
D 

and Plr are determined by 

simulation. Parameters necessary to determine particle trajectories 

are the coefficients of the potential polynomial, the degree of the 

polynomial, cylinder radius, the specimen's width, energy of the prob-

ing beam, corrected angle of incidence, (Figure 9) and corrected 

input angle ein for the incident beam. The exit angle e t was found ou 

experimentally by detector wires as explained in the earlier parts. 

This measured value was compared to the simulated value for different 

values of VD and Plr so that optimum values could be found. A few 

samples will show how these parameters are obtained. 

A deflection measurement was done for a surface potential of 

10 kV, a probe beam voltage of 9.5 kV, and a platform position 25, 
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such that the beam was nearly normsl to the surface. Values of deflec-

tion voltaae and cylinder position for which the deflected beam hit the 

wire were obtained. Based on these values simulations were done for a 

potential distribution of degree 4 or N • 4 and for VD • 70 V. there­

fore. the equations necessary to calculate •• • • 6 and 60ut can be 

found from Equation 51. the values of ••• and 6 are used to 

calculate the exit &ngle 6 t by simulation. these values and the ou 

values of e t obtained by deflection measurements are shown in Figure ou 

24. The abscissa is the angle. in m rad. 

Another experiment was done by holding the cylinder in a fixed 

pOSition and varying the deflection voltage until the deflected beam 

hit the detector wire. Then the platform was rotated one step and the 

deflection voltage was varied until the beam hit the wire again. One 

of these experiments is explained in more detail here. The spectmen is 

charged with a 12 -kV flood gun voltage. Then deflection measurements 

are done using a 5 -kV probe beam. Therefore. the deflection factor 

-4 D is 3.17 x 10 rad/V. the cylinder position was set at 120 in the 

experiment and the cylinder reference position of 73.7 was used in the 

simulation. Also, N was set to be 4 and VD was chosen to be 70 V in 

56 

the simulation. Using the above parameters, ••• and ain were calculat­

ed and computer simulations were done to obtain the exit angle aout' 

These values and the values of a t obtained by experiment are shown ou 

in Figure 25. the abscissa is the angle • in m rad. 

We close this section by providin& the summary of parameters that 

we have used consistently through our work. A cylinder reference 

position Cylr of 73.7 and a platform reference position Plr of 27 were 

used. the reference deflection voltage was 70 and the deflectiou 
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Figure 24. Plot of simulated and experimental exit angle for the case when the probe gun is 
centered above the specimen. 
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-4 9.S factor D was of the form 1.67 x 10 (~). where E was the primary 

-4 beam energy and 1.67 x 10 was the deflection factor for a 9.5 kV 

probe beam. The degree of the surface potential polynomial N was set 

at 4. 
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IV. SECONDARY EMISSION MEASUREMENTS 

The secondary emission 'coefficient was obtained ,in two ways. one 

using the experimental data and the second using the theory. The two 

values so obtained were tabulated and compared with each other. 

The experimental data were taken by charging the specimen to 10.2 

kV as explained in Chapter II. Measurements were done for normal and 

oblique incidence with different beam energies. For normal incidence 

the platform was set at position 27 and for oblique incidence. platform 

positions of 35. 50, 55, 60 and 65 were tested. The beam's charge was 

measured by the Faraday Cup at the end of each experiment. If more beam 

current was desired. the filament was turned higher and the experiment 

was repeated. The charge measurements were done using a 600B electro-

meter as explained in Chapter II. 

The values of a predicted by theory were obtained by using Equation 

12 and Equation 29 in Chapter I. The impact energy and the angle of 

incidence were determined by computer simulations as explained in Chapter 

III. These values and the values of a obtained by experiment were com-

pared by drawing curves of a vs. impact energy or impact pOint. 

A. Calculation of Secondary Emission Coefficient 

The measured secondary emission coefficient a was obtained by using 

a - 1 

where Q is the charge released by the specimen and Q is the charge s c 

collected by the cup. Note that the beam's charge Q is negative. c 

the specimen releases electrons then the pulse recorded is positive, 

(52) 

If 

Q is positive, and a is greater thun unity. s This corresponds to either r 

l 
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electrons then the pulse recorded is negative, and Q is negative, and 
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a is less than unity. In this case the secondary coefficient corresponds 

to high impact energies. 

The beam's charge Qc is a function of the filament's current and 

the primary energy E. The pulse width was 28 ms; therefore, a charge 

Q of 10 PC could be produced by a beam current of c 

Qc 
1 • T· 0.36 nA 

B. Procedure to Find a 

The experimental data was taken by the procedure explained here. 

The cylinder had to be set at 00 position with the opening facing the 

flood gun when the specimen was to be charged or discharged. These 

procedures are explained in Chapter II. Then the cylinder had to be 

(53) 

rotated so that the opening was underneath the platform and the ·specimen 

was surrounded by the grounded metal surface of the cylinder. The slot 

allowed the beam to enter the cylinde~and the cup, which was mounted 

over the slot, had to be kept away from the beam. At the end of the 

experiment, the cylinder was rotated until the cup was almost in the way 

of the beam so that the beam could easily be deflected into the cup and 

measured. The platform position was first set at zero so that it faced 

the flood gun. After the specimen was charged, the platform was then 

set at a pOSition desired for measurements. 

The pulse-circuit bias Vhigh was set such that the beam could not 

hit the specimen and the low-voltage bias Vl was set depending on the ow 
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desired impact point. Sometimes. prior to the measurements, the filament 

was turned on and was left to stabilize to a certain point. Then when 

meansurements were to be made, the probe beam voltage was set to a 

desirable voltage. This voltage changed when the filament current 

changed because of the resistor which was in series with the voltage 

power supply. Therefore. the beam voltage had to be checked frequently 

and adjusted as necessary. The electrometer was set to the least 

sensitive scale (10 ~c) during the charging or discharging process and 

it was set to the most sensitive scale (1 pc) when the pulsed beam was 

used. The strip chart recorder was calibrated so that its full scale 

deflection corresponded to that of the electrometer. Before any measure-

ments with the sensitive scale, the ,lectrometer's needle was released 

and the drift current was neutralized by using the D.C. bias box explained 

in Chapter II. 

A summary of the procedure is listed below. 

1. Turn on the beam filament. set Vhigh of the pulse circuit and calibrate 

the strip chart recorder. 

2. Charge up the specimen with platform position set at 00. 

3. Rotate cylinder and platform to proper positions. 

4. Set beam voltage and Vlow of the pulse circuit. 

5. Release the electrometer's needle, neutralize the drift current, 

6. 

turn the recorder on and trigger a pulse. 

Rotate the cylinder to the proper position, set VI to the proper ow 

value, trigger a pulse and IDea,sure the beam r s charge Q • 
c 

Anytime the specimen is struck by the beam, its surface potential 

changes; therefore, the data taken after several impacts is not reliable 

because the potential distribution is distorted. Thus, only a few data 

!I 
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points were taken at different spots on the specimen which was then 

recharged before additional measurements were made • 

c. Mea.urement of a for Normal Incidence (uncharsed specimen) 

The main purpose of this measurement was to make sure that the cup 

was workina correctly. This was done by comparing the value of charge 

deposited on the surface of the specimen with the one measured by the cup. 

To do measurements with an uncharged specimen. it had to be disM 

charged first. This was done as explained in Chapter II. Then the 

cylinder was rotated until the opening was under the platform. The 

platform was set at normal position which is 27 and the high voltage of 

the pulse circuit was selected. As explained in Chapter Ill. the right 

choice of deflection voltage would force the beam to hit near the center 

of the specimen. The secondary coefficient a was measured for different 

points of the specimen's surface to observe the variation of a near the 

center. These values were apprOximately the same because the beam was 

normal to the surface. Since the specimen was discharged. the impact 

energy was the energy of the beam. Therefore. the values of a obtained 

for this relatively high energy could be compared to the theoretical 

value of a for high impact energies and no~l incidence. The theoretical 

value of a is calculated by using Equation 12. For an uncharged 

specimen, the value E was 1.5 kV and the exponent n was 0.6(8). Figure c 

26 shows the values of a obtained by the experiment and the values of 

a calculated according to Equation 12. This graph is a firm indication 

that the values measured in this work correspond to Budd's work(8) and 

that the Faraday Cup installed on the cylinder measures the correct 

value of the beam's charge. 
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D. MealureMnt of a for :~or1lal Incidence (charsed .pec1lDen) 

The main purpose of this .eries of .a.ureMnta wa. to show that 

for platform position 27. the platform was normal to the beam. This 
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was done by oblerving whether or not a was a symmetric function of the 

beam's deflection voltage Vlow' Thil platform position was defined in 

Chapter III and it was called the platform reference position P1r • The 

value of deflection vo1t .. e which corre.ponds to the center of the 

symmetric curve was defined in Chapter III and it was called the correc­

tion deflection voltage YD' Another purpose was to find parameters Ie 

and n in Equation 12 so they can be used later in oblique incidence 

mea8ureaents. 

This series of measurements was similar to the one for the uncharged 

specimen; however. the specimen had to be charged first. The cylinder 

and the platform were set to 00 position and a 12.6 kV flood gun beam 

was used to produce a 10.2 -kV central aurface potential on th~ specimen. 

Then the cylinder was rotated until the opening was beneath the platform 

and the platform was .et at or near 27 which is normal to the guo. The 

probe beam was turned on and secondary measurement a were done for 

different energies. 

One of theae measureaents was the case for an 11 kV beam er.~rlY. 

Figure 27 shows a for platform positiOns of 25. 27 and 30. The abscissa 

is the deflection voltage; the first point and the last point are the 

edges of the specimen. As it is seen the case for the platform position 

of 27 is the most symmetric. This means that in this platform position. 

the beam impacts near the center of the specimen with a normal angle of 

incidence. The beam doesn't imPact the specimen at a right angle for 

tbe 1;J1/.tform pos1tl.on of 25 and JO. As a result a is less symmetric with 
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respect to deflection voltage. 

As it is seen, the curve of a vs. deflection voltage for the case 

of platform position at 27 is centered around a deflection voltage of 

about 80 volts and not zero. This offset is due to slight misalignment 

caused by replacing the filament as explained earlier. The important 

feature of this curve is the confirmation of the value 27 for the p1at-

form reference position Pl. Also, the value of exponent n in Equation 
r 

12 was found from these data and data taken from similar experiments 

67 

with beam energies of 12, 13 and 14 kV to be 0.8. The value of exponent 

n depends on the type of material used and it can be determined by fitting 

Equation 12 to the experimental data. 

The critical energy was found by using ~ab1e 1. The center surface 

potential for a 12.6 kY flood gun beam was 10.2 kV. The difference be-

tween these two numbers which was 2.4 kV was the critical energy for a 

10.2 kV surface potential. However, the critical energy for a discharge~ 

specimen was about 1.5 kV. A high current beam was used to bombard the 

specimen in that voltage range near the critical point where there was 

little respon~e observed on the electrometer. 

E. Asy~tric Potential Distribution 

Though the work reported here is for a specimen with a symmetric 

potential distribution, the test described in this section is for an 

asymmetric potential distribution. The symmetric distribution occurs 

when charged particles emitte~ from the flood gun filament hit the sur-

face of the specimen at a normal angle of incidl!nce. Howaver when the 

specimen is tilted during the: charging, an asymnetric distribution occurs .. 

. ----'----~ ----------i1--_IIIIiiiilIiilllU __ :iiiiiiiiiiiiiioii.. _____ ........... ____ ~ 
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One experiment was done with a non-symmetric potential distribution 

on the surface. The platform was tilted 5 steps (9°) from the 00 

position and then a 12.6 kV flood gun voltage was used to charge the 

specim~n. Figure 28 shows how particles impact the surface of specimen 

in this case. Then the platform was set at 27 and normal incidence 

mea&arements were done with an 11 kV beam energy. Note that in this 

measurement everything was similar to the case for normal incidence 

measurements except that the platform was tilted during the charging 

process • 

The secondary coefficient a is shown in Figure 29 and contrasted 

to the data taken from the symmetric case shown in Figure 27. The curve 

of a vs. deflection voltage is not symmetric because the potential on 

the surface is not symmetric. This curve suggests that the potential 

distribution on the surface of the specimen is relatively high on one 

side resulting in high secondaries and low on the other side resulting 

in low secondaries. 

F. Calculation of a Predicted by Theory and Curves of Measured Data 
Vs. Impact Energy 

The basic Equation 29 used to calculate a from theory was expressed 

in Chapter I and is repeated here for convenience: 

(29) 
cose 

The critical energy E and the exponent n are defined in the previous 
c 

section. The angle e is defined to be the angle of the impacting 

beam from tne normal to the surface of the specimen. This can be 

obtained as shown in Equation 54. 
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e • 90 - e imp (54) 

where eimp is the impact angle shown in Figure JO. This angle is the 

inverse tangent of the ratio of the velocity in the y direction to the 

one in x direction, as shown by 

V 
-l~ 

Simp • tan V 
x 

Velocities V and V are obtained from the computer simulations. y x 

Once S is determined, 0th can be calculated independently from 

the experimental data and the two values can be compared with each 

other. This comparison was done for different platform positions and 

(55) 

beam energies. Each set of experimental data was taken for a specific 

surface potential, platform position, and beam energy. Then computer 

simulations were done for each specific case to find the potential on 

the surface of specimen V(x), impact angles 6i ' and the impact points mp 

x. 

Two special points wer~ identified. The first point was the edge 

of the specimen and the last point was either the second edge or the 

point that the beam couldn't hit the specimen anymore. The range of 

deflection voltages was determined by these two points and it was the 

same for both simulation and experiment. However, the deflection voltages 

corresponding to the two pOints were different for simulation and 

experiment. The range of deflection voltage R is defined as 

(56) 

where V2 is the deflection voltage for which one edge of the specimen 

is detected and VI is the deflection voltage for which either the (lther 

--.l 
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edge is detected or the beam no longer strikes the specimen. The beam 

is lost when the platform is tilted from the normal position and the 

particles approach the specimen with low impact angles or high x-directed 

velocities. 

Figure 31 shows plots of Vl and V2 vs. platform position for a 9 kV 

beam and surface potential of 10.2 kV. The values obtained from the 

simulation are shown by circlets and those obtained by measurement are 

shown by XiS. The subscript (1) indicates the value for which the edge 

is detected and subscript (2) shows the value for which the beam is lost. 

The value of R obtained from the experimental data had to be 

matched to the one obtained from the simulation. To do this, high 

current beams were used to detect the edges of specimen or the point 

that the beam was lost. In almost every case, the value of R obtained 

from the experiment was equal to the one obtained by simulation. However, 

one range was offset from the other. 

A sample simulation is shown in Figure 32. This is the case for a 

surface potential of 10.2 kV. a platform position of 55. and a beam 

energy of 9 kV. The abscissa is the deflection voltage used in the 

simulation and below it is drawn the scale of experimentally measured 

deflection voltages. Notice that the values of the VI and V2 obtained 

by simulatio,' are different from those obtained by experiment although 

their difference R is the same. This offset is due to slight misalign-

ment in the experimental system and will not create any problem because 

the two ranges are matched. Thi3 offset problem was handled by adding 

a constant voltage to experimental data. 

In Figure 32, the potential V(J(;) is shown by XiS and the impact 

angle e
imP 

is shown by 0' s. The secondary emission coefficient c is 

\ 
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found using this figure as explained below. For a given deflection 

voltage. the potential of impact point V(x) and its impact angle were 

obtained from the graph. The impact energy Ei was calculated using mp 
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E • E - V(x) 
(57) 

imp 

where E is the beam energy and V(x) is the potential of the impact 

point. The angle e is calculated as in Equation 54. Therefore. °th 

can be calculated as i~ Equation 29. Once this is done the two values 

of ° and 0th are drawn va. deflection voltage VDef as shown in Figure 33. 

Measurements were done for different platform positions and different 

energies with a surface potential of 10.2 kV. Data obtained from thes~ 

measurements are plotted vs. impact energy and are divided into three 

different categories: 

1. Low angle impacting particles with e between 0 and 20°. 
,. 

2. Particles with angle e between 20° and 40°. 

3. Particles with angle e above 40°. 

Figure 34 shows the first case where 0 S e ~ 20°. This figure shows a 

collection of data for several different cases. Symbols x and 0 show 

data for platform positions of 50. 55. 60 and 65. Note that t.he beam 

approaches the specimen obliquely when it leaves the gun. However. its 

trajectory is bent by the elect·ic fields so that it approaches the 

specimen at normal iucidence. 

Figures 35 and 36 show the two other cases for 20° ~ e < 40° and 

400 ~ e ~ 60°. The abscissa is the impact energy. Note that the value 

of secondary emission coefficient ~asured for the case 40
Q 

~ e ~ 60° 

is higher than the two ot~er cases because a increases as e incr~ases. 

The center surface potential for all th~ee cases is 10.2 -kV. 
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V. SECONDARY ELECTRON EMISSION IN PRESENCE OF ELECTRIC FIELD 

Chapter V explains the effects of electric field on the secondary 

Laasur~nts conducted in this work. The electric field was normal near 

the center of the specimen and it was oblique around the edges of the 

specimen. This was due to the potential distribution on the surface of 

the specimen which was flat near the center and fell sharply around the 

edges. Curves of a vs. impact point x and electric field vs. x are 

presented so that the reader can observe the difference in the values 

of a in regions with normal and oblique electric field. 

A. Electric Field on the Surface 

The fields on the surface of the specimen were approximAted by 

computer subroutines for various potential distributions(7). This routine 

required the points on the surface of the specimen to be specified in 

the calling statement and it calculates x-field and y-field. Figure 37 

shows field distributions for a charged specimen having a 10.2-kV center 

surface potential and a polynomial of degree 4. Therefore. the potential 

distribution on the surface of the specimen is given by 

V(x) • 10.2 [1 - (x/3.l7)4] • (58) 

Note that the field strength is a function of the exponent(7). A plot 

of normal field at the center of the specimen vs. the exponent is given 

in (7). 

B. Measurements of a Near the Edges (Oblique Field) 

As mentioned earlier. because the potential falls to zero around 

the edges of the specimen. oblique fields exist near the edges. Some 
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of the measurements de.cribed in Chapter IV were done in that reSion. 

For these the specimen was charsed to a lO.2-kV center surface potential 

by procedure explained in Chapter 11. Then the platform was set at posi­

tion 50 so that it .. de a goo ansle with the horizontal plane. The beam 

energy waa set at 7 kV or 9 kV so that the be .. could only strike around 

the edaes where the potential was low. Then. secondary measurements 

were don~ as explained in Chapter IV. This was repeated for platform 

positions of 55. 60 and 65. Note that each motor step corresponds to 

1.8·. For the 7-kV cases. the beam struck the spectaen at impact points 

-3.17 S x S -2.4. and for the 9-kV cases, the ranse was -3.17 ~ x ~ -1.9. 
~ 

Note that the be .. struck the specimen at ansles e ransing from O· to 

60°. 

Plots of a vs. X for the experimental data of Chapter IV are drawn 

in Figures 38. 39 and 40. These plots are divided into three categories 

as was done for the plots of a vs. Eimp : 
# 

1. Low-ansle impacting particles with e between O· and 20·. 
; 

2. Particles with ansle e between 20· and 40·. 
; 

3. Particles with anale e above 40·. 

C. Measurements of a in Resions with Normal Field 

Other measurements described in Chapter IV were done near the­

center of the specimen where the field was normal (Figure 37). The 

specimen was charged to a 10.2-kV center surface potential and the 

platform was set at 27 which was the normal position. The beam energy 

was set at ll-kV so that it could hit the center of the spectaen. The 

beam struck near the center of the specimen with almost normal angle 

and, as it was deflected near the edges, it struck obliquely. Secondary 
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measurements were done as explained in Chapter IV. More data was taken 

for the normal case by setting the beam voltage at 12 kV. 13 kV and 14 kV. 

The same experiment was done for platform position of 35 which is 14.6° 

tilted from the normal position with beam energies of 11 kV. 12 kV, 

13 kV and 14 kV. The ,data taken for platform positions of 27 and 35 

are also shown in Figures 38. 39 and 40. Note that in these cases. the 

beam struck all the points on the surface of the specimen. Therefore. 

data obtained from these cases were for both regions with normal and 

oblique electric field. 

D. An Analysis of Experimental Procedures 

In this section. the experimental procedure used to measure the 

secondary emission coefficient a is analyzed. These procedures were 

completely covered in Chapter IV. The main issue is whether or not the 

measurements at the edges of the specimen and near where the beam is 

lost are reliable. 

The collimated probe beam has a finite thickness of 0.15 am. which 

means that at the edge of the specimen only a part of the beam is 

hitting the specimen and the other part is hitting the platform as 

shown in Figure 41. Thus the response shown on the electrometer Q is s 

lower than what it is supposed to be. According to Equation 52 this 

will result in a a closer to unity than it should be. Therefore. any 

measurement made at X ~ -3.0 or X ~ 3.0 is not reliable. 

The same situation happens when the beam is striking the specimen 

with a grazing angle of incidence. In this case, only a part of the 

beam is hitting the specimen as shown in Figure 42. Thia might explain 

why all the experimental data have values very close to one at either 

end of the range as the plot shown in Figure 38 illustrates. 

--~~.. ~ ... ~.~~~,-~ 
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I. An AnalYlb of Mealured Data 

A careful atudy of plota of a VI. either impact point X (fiaurea 38, 

39 and 40) or impact energy limp (Flaurea 34. 35 and 36) reveals lome 

departurel from the theoretical model which occur where the electric 

field is not normal to the specimen. For example conaider the case of 

I • 13 kV in Fiaure 38. At the rilht-band end of the curve. the secondary 

electron emission is one and it decreasea as the beam approaches the 

edle. However. near X • 2 mm. the curve t~nl around and increasea. 

This occurs in the presence of a high tanlential electric field. The 

case of E • 13 kV and values of a predicted by theory are shown in 

Fiaure 43. Therefore, the measured data in relions with hiah tangential 

electric field don't agree with the values of a predicted by theory. 

Near th .. center of the specimen where the field is normal. a modified 

version of the theory can be uaed which accounts for the normal field 

by changing the critical energy E. Similar cases for different beam c 

enerlies are observed in the figures mention~d earlier. 
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