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16 Abstract 
For spacecraft operation in the near-earth environment, solar cell arrays constitute the major 

source of reliable long-term power. Optimization of mass and power efficiency results in a general 
requirement for high voltage solar arrays. The space plasma environment, though, can result in 
large currents being collected by exposed solar cells. The solution of a protective covering of 
transparent insulation is not a complete solution, inasmuch as defects in the insulation result in 
anomalously large currenta being collected through the defects. 

Tests simulating the electron collection from small defects in an insulation have shown that 
there are two major collection modes. The first mode involves current enhancement by means of a 
surface phenomenon involving the surrounding insulator. In the second mode the current collection 
is enhanced by vaporization and ionization of the insulator material, in addition to the surface 
enhancement of the first mode. TeGts have shown that roughening the slimple surfecl' de( rCe'3e.1 
collection, while increasing the sample temperature decreases the electron collection for polyimide 
(Kapton), but not for mica. These data indicate that secondary electron emission plays an important 
part in the surface enhancement mode, because roughening a surface decreases the secondary yield, 
and increasing sample temperature decreases the secondary yield for polymers, but not for mica. 
Experiments have also shown that defect size greatly increases the electron collection in the 
surface enhancement mode, but that current collection is relatively insensitive to defect size in 
the vapor enhancement mode. 

Tests involving ion collection indicate that, for negative potentials up to 1000 V, the 
collection follows electrostatic probe theory. At higher potentials arcing occurs. Data indicate 
that the arcing may be due to vaporization of the insulator due to ion impact. 

A model for the electron collection in the surface enhanced collection mode has been 
developed. The model relates the secondary electron emission yield to the electron collection. It 
correctly predicts the qualitative effects of hole size, sample temperature and roughening of 
sample surface. The theory has also been shown to predict electron collection within a factor of 
two for the polymers teflon and polyimide. 

17 Key Wordl (Suggested by Author(I)) 18 Dlstrrbutlon Stltement 

Plasma Physics Unclassified - Unlimited 
Space Plasma 
Solar Arrays 

19. SecUrity Classlf. (of thIS report) 20 Security Clamf. (of thIS page) 121. No. of Pages I 22 
Prrce· 

Unc1assifi-ed Unclassified 

• For sale by the NatIOnal Techmcallnformatlon Service. Springfield. Virginia 22161 

NASA-C-168 (Rev 10-75) 



TABLE OF CONTENTS 

Chapter 

L INTRODUCTION 
Background . . . . . • 
Present Investigation 

II. APPARATUS AND PROCEDURE 
Vacuum Facilltles 
Plasma Sources . . . 
Sample Design 
Plasma Measurements 
Testing Procedure 

III. EXPERIMENTAL RESULTS, 
Positive Bias - Electron Collection 
Negative Bias - Ion Collection 
Error Analysls 

IV. THEORY .••.• 
Plasma Sheath 
Collection Area 
Model 
Comparlson with Experimental Data 
Discussion of Model 

V. CONCLUSIONS 

REFERENCES . 

APPENDIX A. THICK SHEATH SPHERICAL PROBE ANALYSIS 

APPENDIX B. PLANAR PROBE THEORY . • . • 

APPENDIX C. SECONDARY ELECTRON EMISSION THEORY 

REFERENCES FOR APPENDICES 

i 

Page 

1 
1 
2 

. . . . 4 
4 
4 
7 

10 
10 

11 
11 
32 
37 

45 
45 
47 
49 
51 

. . . . 57 

61 

62 

66 

75 

79 

93 



Figure 

2-1. 

2-2. 

2-3. 

3-1. 

3-2. 

3-3. 

LIST OF FIGURES 

Hollow cathode configurations used in subject 
investigatlon . . . . • . . . 

Nonheated sample conflguration in small vacuum 
facility . • . . . . . 

Heated sample configuration in large vacuum 
facility . • . •. .••... 

Typical current-voltage characteristics observed 
in small vacuum facillty . • • • . . . 

Comparison of non-normalized and normalized current 
collect1on for the surface enhanced collection mode 

Comparison of non-normalized and normalized current 
collect1on in the vapor enhanced collection mode 

3-4. Comparison of current collect1on for the various 
background pressures and associated plasma 
parameters 

3-5. Comparison of the two current collection modes with 

6 

8 

9 

12 

14 

15 

16 

planar probe theory . . . . . . . . . .. 18 

3-6. Comparison of electron collectlon uSlng polyimide, 
teflon and iso-mica 1nsulators in the surface 
enhanced collection mode . . . . • . . . . . . . . . 20 

3-7. Effect of hole Slze on current collect1on in surface 

3-8. 

enhanced collect1on mode 

Effect of hole size on current collection in the 
vapor enhanced collectlon mode . . . . • • . . . 

3-9. Compar1son of textured and nontextured surface on 
current collection 1n the surface enhanced collect1on 
mode 

3-10. Comparison of textured and non textured surface on 
current collectlon in the vapor enhanced collectlon 

21 

22 

23 

mode . . . . . . . . • . . . • . . . • . • . . .. 25 

ii 



3-11. Effect of sample temperature on the electron 
collection of a 1.0 rom diameter hole in the surface 
enhanced collection mode 

3-12. Effect of sample temperature on the electron 
collection of a 1.0 rom diameter hole 1n the vapor 

26 

enhanced collection mode . . . . . 27 

3-13. Effect of sample temperature on the electron 
collection of a mica sample in the surface enhanced 
collect1on mode . . . . • • •• ••••••••• 28 

3-14. Effect of sample temperature on the electron 
collect1on of a 5.0 rom diameter hole in the surface 
enhanced collection mode • . . . . . . 29 

3-15. Power required for onset of vapor enhanced mode for 
a polyimide sample versus hole d1ameter • . . . 31 

3-16. Effect of repeat1ng a test on a sample after vapori-
zation had occurred ....•••...... 32 

3-17. Compar1son of ion collection for four d1fferent hole 
sizes in polY1m1de • . . • . . . . . • . • . . 34 

3-18. Ion collection characterist1cs for four hole Slzes 
uS1ng a polY1m1de sample • • . . . . . • . • • .• 35 

3-19. Comparison of experimental results w1th planar probe 
theory for ion collection by a polyim1de sample . . . 38 

3-20. Uncerta1nty in normalized hole current and conductor 
potential for the surface enhanced collection mode 40 

3-21. Uncertainty 1n normalized hole current for the vapor 
enhanced collection mode . • . . . . . . . 41 

3-22. Uncerta1nty 1n the normalized hole current for 
negative b1as . . . . . . .. .... 44 

4-1. Shape of the plasma sheath around a hole 46 

4-2. Range of poss1ble Solut1ons for an experimental data 

4-3. 

4-4. 

set . 

Collect1on radius as a funct10n of conductor 
potent1al and hole diameter . • 

Comparison of theory and experiment for different 
plasma conditions . • . . . . . .. .•... 

111 

50 

52 

54 



4-5. 

4-6. 

4-7. 

A-I. 

A-2. 

Comparison of theory and experiment for different 
hole diameters . . • • . . • • . • ..•.. 

Comparison of theory and experiment for different 
sample temperatures • . • . • . •. ..... 

Comparison of theory and experiment for different 
insulator materials . . . 

Sketch of grazing impact 

Example of a spherical Langmuir probe charac-
teristic . . . . . . . . . . . . . . . 

A-3. Plasma parameters as determlned from the probe 

55 

56 

58 

69 

73 

characteristlc • • • . . 74 

B-1. Geometry of planar probe 76 

C-1. Energy dlstrlbutlon of secondary electrons for 
tantalum . . . • . . . • . 89 

C-2. Comparison of secondary electron emission yields for 
po1Ylmide and teflon at normal incldence . . . . •. 90 

lV 



LIST OF TABLES 

Table 

2-1. Typical parameters for the two vacuum facillties 
used in subject lnvestlgation . . • . 5 

3-1. Conditions for current decrease in vapor enhanced 
collection mode for a 1.0 mm diameter hole in 
po1Ylmide at 27°C .........•.•• 36 

C-l. Important parameters in the secondary electron 
emission yields for po1yimide and teflon . . . 

v 

92 



I. INTRODUCTION 

Background 

For spacecraft operation in the near-earth environment, solar cell 
arrays constitute the major source of reliable long-term power. The 
m~nimization of total mass for such spacecraft results in the general 
requ~rement for h~gh voltage solar arrays. Operat~ng ~n the space 
plasma environment,I-2 though, can result in large currents being 
collected by exposed solar cells,3-5 with corresponding reductions ~n 
power output from the arrays. A protective cover~ng of transparent 
insulation ~s not a complete solution to the current collection problem, 
due to the occurrence of defects, either dur~ng the manufacturing 
process or resultIng from collIsions with micrometeorItes. 

Early experiments by Cole, Ogawa and Sellen6 showed that positive 
electrodes beh~nd a p~nhole open~ng in the insulat~ng sheet could 
collect electron currents as much as two orders of magnitude greater 
than expected from electrostat~c probe theory. They suggested that the 
electron collect~on could be expla~ned by a secondary electron em~ss~on 
process. An incoming electron strik~ng the insulator surface near the 
hole may cause the emission of a secondary electron. Such a secondary 
electron can then be attracted toward the hole by a potential gradient. 
The accelerated secondary may then again strike the insulator, at a 
locat~on closer to the hole, aga~n causing further secondary emission. 
In this manner, ~ncoming electrons str~k~ng the ~nsulator can cause 
electrons to be collected by the p~nhole even though the or~g~nal 
electron trajectory may not ~ntersect the hole. 

7 A subsequent ~nvest~gat~on found that, for potent~als of 0 to 
3000 volts, poly~m~de ~nsulation surrounding a pinhole collected a 
current only a factor of several greater than expected from electro
static probe theory. In this ~nvestigation Grier and McKinz~e postu
lated that th~s h~gher electron collection was due to sputtered insu
lation being ~onized and thereby ~ncreasing the current collection. 

A later paper by Gr~er and McKinzie8 confirmed the~r preVl0US 
results for other ~nsulating mater~als, as well as reporting that the 
lnsulat~on around the holes appeared charred after testing. For poly
im~de samples, they also reported that the electron collect~on ~ncreased 
with t~me. 

An invest~gat~on by Dom~tz and Grier9 ,10 confirmed the results of 
Cole, Ogawa and Sellen, that electron collection was orders of magn~tude 
h~gher than expected. They further found that current collection was 
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essentially independent of hole Slze and of electrode material behind 
the plnho1e, and that current collection increased with lnsu1ator area 
surroundlng the hole up to about 30 cm2 , where the current collection 
becomes independent of area. 

5 
Results found by Kennerud indicated that, for positive electrode 

potentials less than about 1000 volts, the electron current was depen
dent on hole size. Above about 1000 volts, the current became lnde
pendent. It was also reported that current collection was lndependent 
of the adhesive used to bond the insulator to the electrode. The 
currents collected in this investigation were also found to be several 
orders of magnltude hlgher than expected from electrostatlc probe 
theory. Further reports of ground test,11-14 as well as space flight 
experiments1S contlnue to confirm that a small hole in an insulator 
collects orders of magnitude hlgher currents than could be expected from 
e1ectrostatlc probe theory. 

d 
16-19 A computer simulation of electron collection has been one. 

Such slmu1ations have been accomplished both wlth18 ,19 and with
out16 ,17,19 secondary electron emission. The results of the slmulatlon 
have been reported only for low electrode potentials (~200 volts), but 
they are in rough agreement wlth experimental results for that range. 

Gabrlel, Garner and Kitamura20 have measured the plasma sheath 
around a pinhole. They showed that the sheath is approxlmate1y hemi
spherical in geometry. However, analysis of the current collection 
lndicates that the insulator did not contribute to the current collectlon 
and that their results can be explained with e1ectrostatlc probe theory. 

Negatlve1y blased electrodes, surrounded by lnsu1atlon, collect 
signlflcantly less current than posltlve1y biased electrodes. KennerudS 
reported that the current varies as V3/ 2 (Child's law), whlle Domltz and 
Grler 9- 10 report that the current varies as Vb, where b ranges from 1 to 
1.S. KennerudS also reported that ion collection was independent of 
hole Slze, which contradlcts the results of Grler and Domitz. 10 

The magnltude of lon co11ectlon was verified on a flight experi
ment lS to be ln agreement wlth ground tests of the same geometry. Grler 
and StevenslS also reported that the insulatlon surroundlng a pinhole 
had no signlflcant effect on current collection. 

A major problem encountered ln negatlve bias experlments has been 
arcing. 9 Although KennerudS did not report any arcing, it is difflcult 
to compare test results, lnasmuch as different plasma environments 
(lncludlng ion specles) were used. 

Present Investigatlon 

This thesis represents the work of a lengthy investigation21-
24 

of the current collectlon by an exposed conductor, WhlCh lS surrounded 
by an lnsu1ator. The thesls lncludes all the important results found. 
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The electron densities,S x 104 to 105 cm-3 , used during the investi
gation were chosen because they approximate the environment expected 
for both an electrically propelled spacecraft, due to its own charge 
exchange p1asma25 and a spacecraft in the natural plasma environment 
of a near-earth orbit. 1,2 

The object of this investigation was to determine the current 
collection enhancement mechanism. The results reported herein indicate 
that there are two different electron collection modes. One mode 
involves current collection enhancement due to a surface mechanism. 
The other mode involves the surface mechanlsm plus additional enhance
ment due to vaporlzation of the insulatlon material. The electron 
collection for these two modes differs by more than an order of mag
nitude. The existence of these two collection modes explains many of 
the contradlctions found when comparing the results of previous inves
tigations. 

It was found that the surface enhancement mechanism depends on 
secondary electron emission from the lnsu1ator material. A model was 
formulated, based on secondary electron emlSSlon from the insulator, 
to describe the surface enhancement mechanism. 



II. APPARATUS AND PROCEDURE 

Vacuum Facilities 

Two vacuum facilities were used in the experiments. One was a 
45 cm d1ameter, 72 cm long cylindrical glass vacuum system (the small 
vacuum faclllty). The other system was a 1.2 m dlameter, 4.6 m long 
stainless steel vacuum system (the large vacuum facility) with a 
cryogenlc liner. Some typlcal parameters for these systems are shown 
l.ll Table 2-1. 

Plasma Sources 

An argon hollow cathode was used to generate the plasma in both 
vacuum facilities, although the cathode configurations used in the two 
facllitles differed (see Flg. 2-1). One hollow cathode used ln the 
small vacuum system was of conventional deslgn. ThlS cathode had a 
tungsten tlP, WhlCh \"as electron-beam welded to a hollow tantalum tube. 
The tungsten tip had a 0.7 mm dlameter orifice. Withln the tantalum 
tube was a small porous-tungsten lnsert, which was lmpregnated with 
barlum-strontlum carbonates. These carbonates were reduced to oxides 
upon heating before use. A heater element was 
tantalum tube near the tlp. Durlng operation, 
the cathode, at rates of 0.1 to 0.6 A-equlv. 

wrapped around the 
argon gas flowed through 

The heater element was 
used to ralse the lnsert to thermlonic emisslon temperatures, which 
resulted in the creatlon of a plasma wlthln the cathode. A small 
pos1t1vely blased clrcular wire (keeper), close to the tlP, and a 5.4 cm 
dlameter cyllndrical anode drew the electrons through the oriflce lnto 
the vacuum chamber. The electrons enterlng the vacuum chamber collided 
with neutral argon atoms, generating ions, in addition to those carried 
out the orifice wlth the argon flow. A detalled discusslon of the 
1nternal processes for this type of hollow cathode lS glven by Slegfrled 
and \hlbur.l 

Two posltions were used for the hollow cathode ln the small vacuum 
system, a vertical posltlon (see Fig. 2-2(b)) and a horlzontal position, 
both at the base of the chamber. In the vertical positlon a baffle 
capped the anode thereby preventing a dlrect llne of sight from the 
cathode to the sample for elther emitted or sputtered partlcles. The 
cathode conflguration lndicated 1n Fig. 2-l(b) was used in the large 
vacuum faclilty. Thls hollow cathode employed an oxide free rolled Ta 
fOll as the electron-emltting lnsert. The W tip had a 1.0 mm diameter 
orifice, and was removable durlng operation. The tip was held to the Ta 



5 

Table 2-1. Typical parameters for the two vacuum facilities used in 
subject investlgation. 

Small Vacuum Facillty 

Background pressure 7-25 x 10-5 Torr 

Electron temperature 4-9 eV 

Electron density 

Large Vacuum Facillty 

2-3 x 10-5 Torr 

4-13 eV 

8-45 x 104 -3 
cm 
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(b) Plasma Source Used in Large Vaccum Facility 

Flg. 2-1. Hollow cathode conflguratlons used In subject lnvestlgatlon. 
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tube by spring tension. No keeper or external heater was used. The 
cathode discharge was started by means of a blas on an internal elec
trode, which was turned off after emission was inltlated. The use of 
thlS hollow cathode requlred a mlnimum anode current to malntain opera
tion. This minimum current 1imlted the denslty range that was achieved. 
The rate of argon gas flowing through the hollow cathode was typically 
1.2 to 1.5 A-equiv. A more detailed description of this cathode con
figuration and performance is given e1sewhere. 2 

The hollow cathode configuration used in the small vacuum facility 
was changed from that ln Fig. 2-1(a) to that in Fig. 2-l(b) when the 
lnvestigation was moved into the large facillty, due to the frequency 
w1th wh1ch the 1nsert needed to be treated with em1ssive m1X fo11ow1ng 
exposure to the atmosphere. The oX1de-free insert used in the uncon
ventional hollow cathode of F1g. 2-1(b) greatly improved the rel1abi1ity 
of the cathode. 

Sample Designs 

The current collection by defects in the insulation cover1ng of 
high voltage solar arrays was slmu1ated by superimpos1ng a sheet of 
1nsu1ating material, with a hole in it, over a conducting disc at a 
high potent1al. Two types of sample des1gns were used. 

The first sample des1gn was constructed from a 12 x 12 cm printed 
C1rcu1t board, made of fiberglass and covered w1th a copper f1lm. The 
circuit board was etched to leave a centered 7.9 cm diameter copper 
dlSC. An electrical connector was soldered to the copper disc from the 
rear of the board to provide an 1nsulated connection to the high voltage 
power supply. The 1nsulating sheet was then attached by an adhesive to 
the sample holder. The adheslve was restricted to distances of more 
than 5 mm from the hole. This sample design was used only in the small 
vacuum faclllty. Its conflgurat1on and posit1on in the chamber are 
1ndlcated ln Flg. 2-2. 

A second sample holder was fabricated to permit measurement and 
control of the sample temperature. This design consisted of an aluminum 
frame contalning a brass disc, 6 cm in d1ameter. The conductor was 
1nsulated from the frame, and protected from the plasma by a screen 
coverlng the aluminum frame. The sample was placed between two Al rims 
wh1ch were attached to the frame. The 1nsulator was then bonded to the 
conductor by an adhes1ve, coverlng the entlre conductor except the 
exposed hole ln the lnsulatlon. A heater and a thermocouple were 
attached to the underside of the brass disc. Th1s des1gn was used in 
both vacuum facil1ties. Its posltlon in the small vacuum chamber was 
similar to that of the f1rst des1gn 1n Fig. 2-2, except that the insu
latlng sheet was vertical (faclng the side waLl). Thls second deslgn lS 
1nd1cated 1n F1g. 2-3, together w1th ltS positlon 1n the large vacuum 
facllity. 

It should be noted that the different sample des1gns and adhes1ve 
configurations were found not to affect the experimental results. 
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Plasma Measurements 

The plasma parameters were measured wlth a spherlcal Langrnulr 
probe, using thick-sheath analysis (see Appendix A). Two probe diam
eters were used, a 1.3 cm dlameter probe in the small vacuum faclilty 
and a 1.75 cm diameter probe in the large vacuum facility. It was 
necessary to go to a larger probe for plasma measurements in the large 
vacuum facility due to the small random current denslties that were 
encountered. The current collected by the probe is proportional to 
the random current density. 

In the small vacuum system the probe was approximately 4 to 6 cm 
from the sample. It was moved toward the sample for plasma measure
ments, then moved away from the sample during current-collection tests, 
using a rotating mechanlcal linkage. In the large vacuum facility the 
probe was attached to an alumlnum rod, 9 cm long and attached to the 
frame of the sample holder. 

The plasma parameters measured for all tests were the electron 
density, electron temperature and plasma potentlal of the bulk plasma. 

Testing Procedure 

The general procedure for a test was to record the sample 
parameters, that is, insulator material, hole Slze and surface condi
tion. The sample was then placed In the vacuum facillty and the plasma 
parameters measured. The conductor potential was lncreased and the 
hole current as a function of conductor potential was measured. 

The cleanlng procedure used was to place the sample In the vacuum 
facillty and allow lt to be bombarded by the plasma (>30 min. in the 
small system and >15 min. in the large system) before testing. Thls 
procedure assured desorption of gases from the insulator surface. 

When temperature measurements were taken, at least 30 minutes were 
allowed for the lnsulator to corne to thermal equllibrlum with the 
conductor. 

The voltage sources were a Spellman current and voltage regulated, 
10,000 volt, 100 rnA dlrect-current power supply, used for experiments in 
the large facility; and a 150 kV, 5 rnA, dlrect-current unregulated power 
supply for tests ln the small vacuum facility. Meters of appropriate 
ranges, were used to measure the collected currents and the conductor 
potentlal. 

Testlng was carr led out by varying the conductor potential and 
recordlng the voltage-current curve. Sample temperatures were recorded 
and Langmuir probe measurements taken before or after each test. 
Current leakage from the sample holder and connecting wires was period
lCdlly monltored by uSlng an lnsulator sample wlth no hole. 



III. EXPERIMENTAL RESULTS 

Posltive Blas - Electron Collection 

Collection Modes. Two distinct collection modes were observed for 
posltive-blas experiments. The two modes differed in current collection 
by more than an order of magnitude. The flrst mode involved only 
current collection enhanced by a surface phenomenon (herein referred to 
as the surface-enhanced collection mode). This mode lS characterlzed by 
a roughly 11near current-voltage characterlstic. The second mode 
lnvolves vaporizatlon of the insulator material (herein referred to as 
the vapor-enhanced collection mode). It appears that the vaporized 
materlal is 10nlzed and thereby enhances the electron collection. It 
has been observed in the large vacuum facility that whenever there was a 
jump in the current collection (sudden current increase for a constant 
conductor potential), the Jump was visually correlated with the appear
ance of a bluish glow localized near the hole, or an arc seen in the 
hole. 

All the data for the surface-enhanced collection mode were taken ln 
the large vacuum faclllty. The vapor-enhanced collectl0n modes that are 
presented were all taken in the small vacuum facillty, unless otherwise 
specifled. The current-voltage curve taken in the small vacuum facility 
were typlcally of the shape shown in Flg. 3-1. In Fig. 3-1, the 
current-voltage curve begins with a very small current collectl0n (not 
always seen wlth smaller holes because of the meters used), the 
characteristlc then jumped to a lower potential and higher current 
(Jump denoted by dotted llne). The upper region is the vapor-enhanced 
collection region. Operation in thlS region was usually accompanled by 
observation of a locallzed glow, or arc, at the hole. The extreme upper 
region where the current lncreases and conductor potential decreases 
represents the destructlon of the insulator near the hole. This rapid 
destruction was not always reached. After each test the sample was 
always lnspected. It was found that the insulator material was always 
dlscolored about the hole and a brownish layer of material deposlted on 
the exposed conductor. 

Normallzatlon. Durlng the experimental investigation, tests were 
performed ln plasmas that varled ln electron denslty by two orders of 
magnltude and ln electron temperature by a factor of several. To 
effectively compare data taken under dlfferent plasma parameters, lt was 
necessary to normalize the data. 

It has been previously suggested that the sheath should be approx
imately hemlspherlcal.l ThlS suggestion is in agreement wlth sheath 
measurements of preVlous lnvestlgatlons. 2 ,3 The hemispherlcal shape of 
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the sheath indicates that the spherical probe approach for low density 
plasmas (thick sheath analysis) is appropriate for determining the 
normallzatlon factor. The current collected by a spherical probe is 
given by (see Appendix A) 

eV 
I '" . A ---.E. 

J o P kT 
e 

for eV »kT 
p e 

(3-1) 

where A is the surface area of the probe, e is the electronic charge, 
p 

v 
p 

is the probe potentlal, T is the electron temperature, k is 
e 

Boltzmann's constant 

f . . 4 Slon or J
o 

lS 

1 
4 en 

and J is the random current density. The expres
o 

[8kT /Trm ]1/2 
e e 

(3-2) 

where n is the electron density and m is the electronlc mass. Equation 
e 

(3-1) indicates that in analyzing the data, a normalized hole current, 
IkT /j , should facllitate comparispn of data taken under dlfferent 

e 0 

plasma condltlons to be compared. A comparison of non-normallzed and 
normalized data is shown in Flg. 3-2 for the surface enhanced collection 
mode. Flgure 3-2 clearly shows that, for the dlfferent plasma param
eters, the current-voltage characteristics differ before normalization. 
But once the hole currents are normalized, the characteristics reduce 
essentially one line. 

In the vapor-enhanced collection mode, agreement between data taken 
under different condltlons should be poor, Slnce the vaporization and 
ionizatlon of the vapor1zed mater1al should be dependent on background 
pressure, roughness of hole, and surface hlstory. F1gure 3-3 shows a 
compar1son of non-normalized and normalized data in th1S mode. The 
normal1zed data 1S found to be 1n better agreement at the higher con
ductor potent1als. This result 1S reasonable, 1nasmuch as lower poten
t1als are closer to 1n1tiat10n conditions, and a larger var1abil1ty 
could be expected near lnitiat10n cond1t1ons. 

Var1at1on in Current Collection. While the data collected in the 
surface-enhanced collection mode was reproducible, that of the vapor
enhanced collection mode was far less so. This was especlally true when 
comparlsons were made of tests taken ln the two different vacuum 
fac111ties. F1gure 3-4 shows th1S var1at10n. The character1st1cs taken 
at the two lower neutral pressures were taken in the large facility, 
the test at the h1gh neutral pressure was taken in the small facility. 
The tests at the two h1gher pressures were visually conf1rmed to be in 
the vapor-enhanced collect10n mode. F1gure 3-4 indicates that the 
magnitude of normalized current col1ect10n can dlffer significantly with 
plasma parameters and neutral dens1ty. This variation emphas1zes that 
only rough agreement can be expected 1n the vapor-enhanced col1ect10n 
mode. The dlfference ln electron collection was probably due to the 
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variation in the amount of vaporization, caused by the difference in 
current denslty, and ionlzation, in turn caused by the difference in 
background pressure. 

The data presented for the vapor-enhanced collection mode herein 
were all taken at the hlgher neutral pressures with electron densities 

5 6 -3 
in the range of 10 -10 cm This data has also been presented pre-

156 vlously by the author. ' , 

Comparison wlth Electrostatic Probe Theory. In order to determine 
how the collected current is enhanced by the presence of the surroundlng 
lnsulation, it is useful to make a comparison with electrostatlc probe 
theory. The probe theory that appears most appropriate is the planar 
probe theory of Parker and ~{hlpple (see Appendix B). In the theory, the 
current is given by 

for eV »kT 
p e 

where b is a constant varying from 0 to 2. For b 0, 

I 
kT 

e 

which is the same form as the spherlcal-probe equation. 

(3-3) 

(3-4) 

Figure 3-5 shows a comparison of the two collection modes wlth 
probe theory. The surface-enhanced collection mode gives currents 
approxlmately an order of magnltude higher than probe theory, while the 
vapor-enhanced mode Ylelds currents over two orders of magnitude 
greater. ThlS comparlson illustrates the difference between the current 
collectlon that was experlmentally observed and what was origlnally 
expected. It should be noted that although the current predicted by 
probe theory appears independent of probe potentlal ln Fig. 3-5, this 
is because of the scale used in Flg. 3-5. 

Adhesives. As descrlbed in the Apparatus and Procedure section, 
the insulating materlal was held in contact with the conductor by an 
adheslve. Since the adhesive continued up to the hole edge, lt was 
lmportant to determlne the effect of the adhesive on the electron 
collection. 

Two types of double-slded pressure sensltive adhesives were tested, 
a low priced commercial brand (Scotch Double Stick Tape, by 3M) and a 
space qualifled type (Y966, also by 3M). The low prlced commerc1al 
adheSlve was found to have modifled stlcking propertles after testlng at 
hlgh temperature «120°C), whlle no such change was evident for the 
space qualified adhesive. Such a change in propertles for an orgdnic 
material 1n a vacuum environment 1S almost always associated with 
outgasslng. If the type of adhesive can ~ffect the current collection, 
signlflcantly dlfferent results should have been obtained wlth the two 
dlfferent adheslves tested. 
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The results of the adhesive tests in both collection modes showed 
no significant difference between the two adhesive types. 

Sample Mater1al. Three insulator materials were tested, polY1mide, 
teflon and 1norganicaily bonded iso-mica. The insulat1ng materials were 
all thin sheets, the polyimide and teflon 0.127 mm thick and the iso
mica 0.254 mm thick. All the samples, for better comparison, had hole 
diameters of 1.0 mm. The three materials were chosen because of w1dely 
d1fferent properties. In particular the secondary yield of the 
materials differ, and so different electron-collect1on characteristics 
were expected. 

Figure 3-6 compares the electron collection characteristics with 
the three 1nsulator mater1als in the surface-enhanced collection mode. 

Although teflon and polyimide have different secondary yields, the 
current collection was found to be roughly equal. Th1S unexpected 
result is discussed 1n Sect10n IV. 

Hole Size. Different hole d1ameters were tested to determine the 
effect of hole Slze on electron collection. For the surface-enhanced 
collect1on mode, five hole diameters were tested, 0.35, 1.0, 2.0, 3.0 
and 5.0 mm. The results of these tests are shown in Fig. 3-7. It 1S 
1ndicated in Fig. 3-7 that the electron collection is strongly dependent 
on hole size 1n this collection mode. Analysis of the data shows that 
the current was not proport1ona1 to the exposed conductor area, although 
the collected current 1ncreased cont1nuously w1th hole area. 

Three d1fferent hole diameters were tested for the vapor-enhanced 
collectlon mode, 0.35, 1.0 and 2.0 mm. The results of these tests are 
shown in F1g. 3-8. The data of Fig. 3-8 show that the hole size 1S not 
important to the electron collect1on in this mode. Th1S phenomenon 1S 
in agreement with the assumption that the vaporization and ion1zat1on of 
the insulating mater1a1 is the dominant process in the vapor-enhanced 
collection mode. 

These above results are also in agreement w1th the results found by 
Kennerud. 2 Although Kennerud did not envision two collection modes, h1S 
data 1nd1cate that below a conductor potential of roughly 1000 volts the 
current collection was dependent on hole size, but above this potent1al 
the current became independent of hole size. 

Textured Samples. To learn more about the surface phenomenon 
occurring, a textured sample was tested. The insulator surface was 
textured by mechan1cally rubbing a fine grade of sandpaper over the 
surface fac1ng the plasma. This was done before cleaning and punch1ng 
the hole in the sample. The results of th1S test are shown in F1g. 
3-9, for the surface-enhanced col1ect1on mode. The f1gure shows that 
the textured surface collected less current than the nontextured 
surface. 

It has been found that roughen1ng a surface decreases the secondary 
electron emiss10n Yleld (see Appendix C). The collection mechanlsm 
suggested by Cole, Ogawa and Se11en7 (see Introduct1on) could therefore 
explain thlS observation. 
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To determine If a surface phenomenon plays any part in the 
vapor-enhanced collectlon mode, textured surfaces were also tested in 
this mode. The samples were textured ~n a different manner for these 
tests. Radial lines and concentric circles were scrlbed onto the 
surface, radlatlng from the hole, with a sharp metal stylus. The 
results of these tests are shown in Fig. 3-10. 

Figure 3-10 shows that the electron collection decreases with 
textured surfaces, even in the vapor-enhanced collection mode. Thls 
indlcates that some of the same surface phenomena observed in the 
surface enhanced mode are still operating and important to the collec
tion process In the vapor-enhanced mode. 

Sample Temperature. The temperature of the sample was varled to 
determine the effect of thls variable. It was found that increasing 
the temperatures caused decreased electron collection in both collection 
modes (see Flgs. 3-11 and 3-12). 

In the vapor-enhanced collection mode the increaslng temperature 
might have been expected to increase collection by ~ncreasing vapori
zatlon. On the other hand secondary emission often decreases with 
lncreasing temperature (see Appendlx C). Since the current collectlon 
actually decreased In thls mode, the data of Flg. 3-12 indicate the 
lmportance of surface phenomena to thls collectlon mode. 

To determine if secondary emission is responsible for the current 
decrease wlth increasing temperature, a mlca sample was also tested. 
This lnsulator selectlon was made because it has been found that mica 
does not have a slgniflcant temperature dependence for secondary yield 
(see Appendlx C). 

The lso-mlca sample was tested SlX tlmes at three different tem
peratures, 27°, 50° and 85°C (two tests per temperature). The results 
of the tests are shown In Flg. 3-13. From the results shown, electron 
collectlon lS lndependent of sample temperature. This indicates that 
the spread observed wlth polyimlde was lndeed due to secondary electron 
effects. 

A polyimlde sample wlth a 5.0 rom hole diameter was tested (see Flg. 
3-14). It was found that, for thls hole diameter, there was no appre
ciable temperature effect. As the hole size is increased, a larger 
fractlon of the electron current would be expected to be collected 
directly by the exposed conductor. This would have the effect of 
reduclng any temperature effect by decreasing the fraction of the total 
electron current that strikes the surrounding insulator material. 

Onset of Vaporlzation. In discusslng the two types of collectlon 
modes, the conditions necessary for a mode change have been ignored. 
This section wlll dlscuss the observation made on the transitlon from 
one mode to another. 

The onset of vaporlzatlon, as defined here, lS the pOlnt at which 
the current-voltage curve devlated from the expected normalized data for 
the 1.0 rum dlameter hole. In the case of the other hole Slzes, the 
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mode. 



1.0 

09 

0.8 

0.7 

'" E 
I 

> 
Q) 

~ 06 -c: 
Q) ... ... 
:J 
U 
Q) 0.5 
0 
:c 
"0 
Q) 
N - 004 0 
E ... 
0 
z 

0.3 

02 

01 

27 

XIO- I 

Sample Electron Electron 
Temp Density Temp 

o 27°C 60X105cm- 3 84eV 

0 47°C 704x105cm-3 7.7eV 

6. 95°C 5.9xI05 cm- 3 5.8eV 

Polyimide Sample 
Hole Diameter 10mm 

0 

200 400 600 
Conductor Potential, V 

0 

0 

o 

800 1000 

Flg. 3-12. Effect of sample temperature on the electron collectlon of 
a 1.0 mm dlameter hole ln the vapor enhanced co11ect1.on 
mode. 



28 

Sample Electron Electron 
Temperatu re Density Temperatu re 

1.0 0 27°C 7.0x 105cm-3 5.2eV 0 

0 50°C 6.6x 105 cm-3 52eV 

[:). 85°C 6.6x 105 cm-3 5.2eV 

[:). 

N 0.8 6-
E 
I 

> 
Q) 

~ Inorganically Bonded -c: 
Q) Iso - Mica Sample '-
~ 

:J 
U 

0 Q) 0.6 Hole Diameter 1.0 mm (5 
r 0 
"0 
Q) 
N 

C 
E 
'-
0 
z 04 

0.2 

8 
200 400 600 800 1000 

Conductor Potential, V 

Flg. 3-13. Effect of sample temperature on the electron collectlon of 
a mlca sample 1n the surface enhanced collectlon mode. 



3.6 

3.2 

2.8 

l\I 2.4 
E 
I 

> 
Q) .. -c: 
~ 2.0 
"
::J 

U 
Q) 

'0 
:c 
'C 16 
Q) 
N 

o 
E 
~ 

o 
z 1.2 

08 

04 

xlO-1 

0 

0 
6-

29 

Sample Electron 
Temp Density 

27°C 4.3x 105cm-3 

70°C 2.0x 105cm-3 

110°C 2.1 X105cm-3 

PolYlmlde Sample 

Hole Diameter 5.0mm 

Electron 
Temp 

7.1 eV 

9.2eV 

II,0eV 

00 

400 800 
Conductor Potential, V 

0 

1200 1600 

F~g. 3-14. Effect of qample temperature on the electron collect~on of 
a 5.0 mm d~ameter hole ~n the surface enhanced collect~on 
mode. 



30 

onset was deflned as elther the point at which the current departed 
slgnlficantly from a linear extrapolaton from lower voltage data, or the 
pOlnt at \l7hlCh the current jumped to a hlgher value. 

When current jump was observed, it was accompanied by a blue glow, 
locallzed about the hole, or an arc ln the hole. These visual observa
tions are consistent with the insulator material being vaporlzed. The 
vaporized material would enhance the local neutral denslty about the 
hole so that the ionization of thlS materlal would increase both the 
local plasma denslty and collection. 

For different hole Slzes it was found that the trend was for larger 
holes (above 2 mm) to requlre more power before vaporization occurred, 
as shown ln Flg. 3-15. The scatter shown in Flg. 3-15 for the 1.0 mm 
diameter hole was probably due to the roughness of the hole edge. If 
the hole edge was rough, thls would allow some vaporization to occur at 
low power levels. If more tests had been conducted at the other hole 
diameters, similar scatter might have been observed elsewhere in Fig. 
3-15. 

Comparison of data for different sample temperatures results 1n a 
rough trend of reduced power required for the onset of vapor1zation w1th 
increaslng temperature. However, the data were not sufficlently complete 
to support this conclusion wlth a high degree of confidence. 

Subsequent Tests After Vaporization. It was found that once 
vaporization had occurred, the results of that test could not be 
repeated on the same sample. Subsequent tests on the same sample showed 
a substantial decrease ln electron collection (see Fig. 3-16). One 
posslble explanatlon was that the effect was due to adsorbed gas layers 
on the insulator surface. As tlme passes, the electron bombardment of 
the lnsulator removes the adsorbed layers, changlng the surface prop
ertles. Th1S possibil1ty was tested by using a fresh sample, then 
removing the sample from the small vacuum facility, after test1ng, and 
exposed lt to alr for 17 hours. The sample was then replaced and tested 
agaln. The second testlng showed drastlcally reduced current collectlon 
from the first test, lndlcating that removal of adsorbed gas layers were 
not the cause of the current reductlon. 

Another possibllity was that, when the vaporized material deposited 
the brownish fllm over the exposed conductor, the presence of this film 
reduced electron collectlon. Thls possibility was tested by construc
tlng a sample holder of the type shmm ln Flg. 2-2 which allowed the 
conductlng dlSC beneath the lnsulating sheet to be rotated to a clean 
portion of the copper. These tests showed that the current collection 
still decreased wlth subsequent tests. 

Another likely possiblilty appeared to be that, once vaporlzation 
of the insulator material occurs, It changes the secondary electron 
emlssion Yleld of the material by electron bombardment. In this regard 
tests on the mlca sample (see Fig. 3-13) are of lnterest. In those 
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Fig. 3-16. Effect of repeatlng a test on a sample after vaporlzatl0n 
had occurred. 
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tests, the same sample was used successively six times without a 
noticeable decrease in electron current, when tested ln the surface
enhanced collection mode. Mlca is more resistant, ln general, to 
thermal and electrical damage than most materials, so that resistance to 
such damage might be expected. 

Healing Effect. Occasionally during a test in the vapor-enhanced 
collection mode, the current began to drop. This "healing" only 
occurred in this mode. No correlation can be found between the power at 
the pOlnt of current decrease and background pressure on plasma condi
tlons (see Table 3-2). 

The probable cause of the healing is vaporized material being 
deposited on the conductor to an extent sufficient to reduce electron 
collectlon. Kennerud 2 reported similar behavior for teflon, lndicatlng 
that this behavlor may be common to many types of insulators. 

Negative Blas - Ion Collection 

Several tests were conducted with negative bias in the small vacuum 
facility. Tests were all similar in that for conductor potentials 
below -1000 volts, the current collectlon was small (~10-7 amps), while 
at hlgher potentlals (between -1000 and -2000 volts) arcing was 
observed. Detalled data were taken up to -1000 volts. The arcing will 
be dlscussed later. 

Hole Size. Four hole diameters were tested, 2.0, 3.0, 4.1, and 5.0 
mm. The results of those tests are shown in Fig. 3-17. To determine if 
the ion collectlon lS llnearly dependent on hole area, the data were 
norma11zed ln two ways, with 0.6 tlmes the Bohm current density and 0.6 
times the Bohm current (see Fig. 3-18). The Bohrn current density lS 
given by4 

J Bohm = ne IkT 1m ]1/2 
e 1 

and the Bohm current by 

I Bohm 

(3-6) 

(3-7) 

where m
i 

lS the ion mass and ~ is the hole area. The factor of 0.6 

tlmes used wlth the Bohm current denslty and the Bohm current were used 
to be conslstent with a stable sheath. S The degree of correlation 
obtalned in these two approaches indlcate that the Bohm current approach 
lS the more correct one, ln that lt collapses the ion characteristlcs to 
nearly a single llne. The Bohm current normalization also lndicates 
that the ion collection is nearly proportional to hole area. 
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flg. 3-17. Compdr~son of ~on collect~on for four d~fferent hole s~zes 
in POlYlffilde. 
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Flg. 3-18. Ion collectl0n characterlstlcs for four hole Slzes uSlng a 
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,~ 

Table 3-1. Conditions for current decrease in vaporization-enhanced 

Power 

(watts) 

0.36 

0.23 

0.13 

0.13 

0.10 

0.09 

1< 

collection mode for a 1.0 rom diameter hole in polyimide 
at 27°C. 

Electron Electron Neutral 
Denslty Temperature Pressure 

-3 (cm ) (eV) (Torr) 

4.3 x 105 7.8 2 x 10-5 

2.0 x 10 5 6.0 1.9 x 10-5 

1. 5 x 10
5 

8.1 2 x 10-5 

1.9 x 105 9.9 2 x 10-5 

1.7 x 105 10.9 2 x 10-5 

2.3 x 105 12.8 2 x 10-5 

All data taken In large vacuum facility. 
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Comparlson with Electrostatic Probe Theory. In comparing the 
experimental results with electrostatic probe theory, the planar probe 
theory of Parker and Whipple is approprlate. The expression for the ion 
collectlon from a monoenergetic distribution is (see Appendix B) 

I 0.6 I Bohm [1 + E
V 

o 
(3-8) 

where V lS the conductor potential, I Bohm is the Bohm current and Eo 
is given by 

E 
o 

kT /2 
e 

(3-9) 

The results of tests wlth hole diameters of 2.0 and 5.0 rom are compared 
with the probe theory in Fig. 3-19. The value of the parameter b in 
Eq. (3-8) was found to be 1.93 ± 0.01 for the four curves shown in Figs. 
3-17 and 3-18. The comparison with probe theory indicates that the 
experlmental results are ln good agreement with probe theory. 

It should be noted that the value of b found, 1.93, is in rough 
agreement with the value of b, 1.80, found previously for elec~ron 
collection ln the small vacuum facllity.5 

Arcing. At large negative conductor potentials (between -1000 
and -2000 volts) arcing was observed. A posslble explanatlon for the 
arclng is vaporlzation. If, as ln electron collection, vaporization of 
the insulator materlal can slgnlficantly increase the current collection, 
thlS vaporization could cause the arcing. The cause of the vaporlzatlon 
would probably have to be somewhat dlfferent from that of electron 
collection, inasmuch as the ion collection is so small before the arclng 
occurs. Vaporizatlon could be qUlte localized and due to ion impacts. 
One lndication that ion lmpacts could be the cause of vaporization is 
that the arcing appears to be gas-dependent. Kennerud,2 who used 
nitro~en as the ion species, dld not report any arcing. Domitz and 
Grier also reported arcing and their lon specles were oxygen, nitrogen 
and hydrogen. The data obtained durlng this investigation were not 
sufflcient to permlt further understandlng of thlS arclng problem. 

Error Analysls 

In calculatlng the errors assoclated with the normalized hole 
current, two major sources should be considered, the accuracy of the 
current meters and the errors ln analyzing the Langmuir probe char
acteristics. 

The errors associated wlth the conductor potential are due only 
to the accuracy of the potentlal measurements. 
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o Data 
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F1g. 3-19. Compar1son of exper1menta1 results w1th planar probe theory 
for 10n co11ect10n by a po1Y1m1de sample. 
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Positive Blas. In terms of the probe characteristics, the 
normalized hole current for posltive bias is 

IkT /j = 4Ia
2
e/(dI/dV) , 

e 0 p 
(3-10) 

where I is the hole current, a is the probe radius, e is the electronic 
charge, kT is the electron temperature (in eV), j is the random 

e 0 

current density and (dI/dV) is the slope of the Langmuir probe charac
p 

teristic in the attracting region (see Appendix A). The error is 
obtained from 

2 
IkT /j ± 6(IkT /j ) 

e 0 e 0 

4a e(I±6I) 
[(dI/dV) ±6(dI/dV) ] p p 

2 [ (I6(dI/dV) 6I)] ~ 4a e I/(dI/dV) ± ~ + (dI/dV) , 
p (dI/dV) p 

p 

to a first-order approximatl0n. Equation (3-11) lndicates that 

[

I6(dI/dV) ] 

---(d-I-/-dV-)~} + (dI~~V)p . 
P 

(3-11) 

(3-12) 

The current uncertainty, 6I, lS the meter uncertainty, and therefore 
depends on the meter used durlng a partlcular test. The probe charac
terlstic slope uncertainty, 6(dI/dV) , is given by the standard devia

p tion 

6(dI/dV) 
p [ 

N ]1/2 
1/Nl / 2 L [(dI/dV)l-(dI/dV) ]2 

1=1 p 

where (N+l) is the number of points in the attracting region and 
(dI/dV). is the slope taken between consecutive points. 

1 

(3-13) 

Figures 3-20 and 3-21 lllustrate the uncertainty in the normalized 
hole current for the surface enhanced collection mode and the vapor 
enhanced collection mode, respectlvely. It should be noted that the 
conductor potential uncertainty lS within the symbol size for the 
vapor enhanced collection mode. 
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potent1al for the surface enhanced collect10n mode. 
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Negative Bias. The normalization used for negative bias is 

I 
1/.61B h = 1/2 2 ' 

o m .6 ~ lm /8nm.] l/a kT (d1/dV) -n e l e p 

(3-14) 

where ~ is the area of the exposed conductor, me and m
i 

are the 

electronic and lonic masses, respectively. The uncertainty is found 
from 

I ±1'1 ( I ) 
.61Bohm .61Bohm 

(1±I'11) 
(kT ±1'1(kT »[(d1/dV) ±1'1(d1/dV) ] 

e e p p 

8nmi 1/2 a 2 [ I 
~ l-m-] • 6~ kT (d1/dV) 

e h e p 

(

1Md1/dV) /(d1/dV) +1(I'1(kT /kT )+1'11)] p pee 
(3-15) 

or 

x 

[ 

lL\ (dr/ dV) lL\ (kT ) ] p e 
---:-( d-1-;"/ -'-d V-::)~ + kT + 1'1 I , 

P e 
(3-16) 

to a first-order approxlmation. 

The uncertainty In the electron temperature, l'1(kT ) is given by 
e the standard deviation, 

N 1/2 

II (kT ) = 11/2 [ L [(kT ). - kT ] 2 ] , 
e N l=l e l e 

(3-17) 
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where kTe 1S the electron temperature used and (kTe)i is the temperature 

calculated between consecut1ve points 1n the slope, that is 

(3-18) 

in the transition region (see Appendix A). 

Figure 3-22 illustrates the uncertainty in the normalized hole 
current for negative bias. The uncertainty in the conductor potential 
is within the symbol size. 
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IV. THEORY 

The electron-collection model presented herein follows a 
suggestion by Cole, Ogawa and Sellen,l and is intended only to 
represent the surface-enhanced collection mode. An incoming electron 
strikes the insulator surface near the hole, caus1ng a secondary 
electron to be emitted with a certain probability. The secondary 
electron 1S then attracted toward the exposed conductor by a potent1al 
grad1ent. In th1S manner, an incoming electron str1king the insulator 
close to the hole causes an electron to be collected by the exposed 
conductor. 

Plasma Sheath 

In order to model the electron collection process, it is helpful to 
know the shape of the plasma sheath. From sheath measurements made by 
Gabriel, Garner and Kitamura 2 near an exposed conductor surrounded by an 
insulator, the sheath appears approximately hemispherical. Figure 4-1 
indicates the shape of the plasma sheath around a hole (from Gabriel, 
Garner and Kitamura2). The sheath is represented by equipotential 
Ilnes, lndicated by the numbers on the graph. Although the low current 
levels observed by Gabriel, Garner and K1tamura might appear to exclude 
an insulator contr1but10n to the current collect10n, the general shape 
of the sheath is still of interest. 

To determ1ne if the electron flow was space charge limited, 
currents were calculated for space charge flow between two concentric 
spheres. The hole radius was used as the rad1us of the inner sphere and 
an exper1mentally determined sheath radius was used for the outer 
sphere radius. This sheath radius was found by determining the sheath 
Slze needed to collect the observed current with a 1.0 rum diameter hole. 
The current collection for space charge limited flow is given by3 

I (4-1) 

where C 1S the perm1tt1v1ty of free space, e is the electronic charge, 
o 

1S the electronic mass, and V 1S the potential difference between m 
e 

the spheres. a 1S a term that is dependent on the ratio of the radi1 
of the two spheres. These calculat10ns showed that the currents 
expccted [rom .,P,lC'C C'h,lrge llmlted flow were more than two orders of 
magn1tude larger Lhan the observed currents for the surface-enhanced 
collection mode. 
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Hole Diameter 0.64 cm 

Conductor Potential 220 volts 
Electron Density 2 5 x 104 cm- 3 

Electron Temperature 5.3 eV 
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F~g. 4-1. Shape of the pLlsma sheath around a hole. 2 
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The space charge limited flow calculations thus demonstrated that 
the current collect1on was orbit limited. That is, not all electrons 
that entered the plasma sheath were collected. The approach to modeling 
should therefore be to modify an orbit lim~ted theory to include part of 
the ~nsulator as a collector. The most likely theory to start w~th ~s 
the planar probe theory of Parker and Whipple (see Appendix B). The 
planar probe theory has the correct geometry as well as an approximately 
hemispherical sheath. The collected current is given by 

I 
2 b2 

. A[l + ~ + (1 ___ ) eV ] 
J o 4 4 kT (4-2) 

e 

where j is the random current density, A is the area of the probe, 
o 

V is the potential of the probe, k is Boltzmann's constant and T ~s 
e 

the electron temperature. The constant b is adjustable (0 ~ b ~ 2), 
and is related to the incoming trajectories. A way to determine the 
meaning of b is by analogy to spherical probe analysis. The electron 
collection by a spherical probe in the attracting region (see Appendix 
A) depends on the electron density. That is, for h1gh electron dens~
ties, the current collection is 1ndependent of probe potential. This 
occurs because the size of the plasma sheath ~s essentially ~ndependent 
of probe potent~al. This condition would be reflected in Eq. (4-2) for 
b ~ 2. For the low dens1ty plasmas treated herein, the electron col
lect10n is proport1onal to probe potent1al. That is, the plasma sheath 
size increases with probe potential. This condition would be reflected 
in Eq. (4-2) for b ~ O. From this analogy it 1S clear that the param
eter b reflects how the plasma sheath depends on the probe potent1al. 
For the electron dens1ties treated here~n, it is assumed that b ~s zero 
in Eq. (4-2). It should be noted that for b = 0, Eq. (4-2) has the same 
form as the equat~on for spherical probe theory (see Appendix A). 

Collect~on Area 

Two approaches to determ1n~ng the collection area were tr~ed. The 
first approach used the assumpt10n that the entire surface area under 
the plasma sheath contributed to electron collect~on. TraJector~es for 
the secondary electrons mOV1ng across the insulator surface were cal
culated. For a radial electric f~eld, as mlght be expected, all the 
secondary electrons produced struck the exposed conductor. For poly
imide and conductor potent~als between 50 and 1000 V, the 1nsulator 
charged to potent~als greater than the conductor potential, 1nasmuch as 
the secondary yield was greater than one in this range. For an ~nsu
lator surface with a potent~al greater than the conductor potential, a 
potent~al grad~ent would be formed that would repel electrons from the 
hole, except for those secondaries produced at the hole edge. This 
approach did not appear prom~slng. 
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In the second approach, only a small annular 
the hole contributed to the electron collection. 
assumed that th1.s annular ring \.,ras at a constant 
approach, the cond1.t1.on for cont1.nuity of charge 

ring of insulator near 
For simplicity, 1.t was 

potent1.al. In this 
is g1.ven by 

8 , (4-3) 

where Aa is the area of the annular ring, ~ is the area of the exposed 

conductor, and 8 1.S the secondary electron emission Y1.eld. The implic1.t 
assumption 1.n Eq. (4-3) is that the fraction of the secondary yield that 
is collected by the conductor is proportional to the fraction of hole 
area to the total collection area, (Aa + A

h
). 

To demonstrate that Eq. (4-3) is a condition for cont1.nuity of 
charge, consider a secondary electron Y1.eld of four. From Eq. (4-3), 
the annular ring area 1.S three t1.mes that of the hole area, consequently, 
an 1.ncom1.ng electron striking within the collection radius, r , causes 

c 
four secondary electrons to be emitted. Of the four electrons, three 
again strike with1.n the annular ring and one lS collected by the con
ductor. In th1.s manner, one electron 1.S collected by the conductor for 
each electron striking the insulator, and the charge on the annular r1.ng 
1.S ma1.nta1.ned constant during steady state cond1.tions. 

Using Eq. (4-3) as a basis for a model, the planar probe theory 
can easily be modlfled. The probe potential 1n Eq. (4-2) should be an 
effective potent1.al over the collection region. The value used was the 
average potential over the collect1on area, that lS 

(4-4) 

where V is the conductor potent1.al and V 1.S the potential of the 
c a 

annular ring. 

This model was compared to exper1.mental data to determ1.ne if 1.t 
had any phys1cally realizable solut1.ons. The data used in this compar1.son 
was for a 1.0 mm d1ameter hole W1.th an electron denslty of 1.6 x 105 
cm- 3 and electron temperature of 4.5 eV. These data are shown 1.n Fig. 
3-2. The calculation procedure used for a given collector voltage, V , 

c 
was as follows: 

Plck a value of r (collection radius of insulator). 
c 

(1.i) Calculate V
eff 

from probe theory to match the exper1.mentally 

observed c~rrent. 

(1.1. i) 

(1.V) 

Calculate Va needed for the assumed values Veff and rc. 

Calculate ~ from the value of V and Eq. (4-3). 
a 
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Repeat above steps for d1fferent values of r and plot the 
c 

physical values of V (i.e., V < V ) aga1nst the cor res-
a a - c 

pond1ng values of a from step (iv). These results are 
compared with values from the values of a from expreSS10n 

a(E,e) 
BEl/2(1-cos8) 

e a 
m 

E 
E 

m 

_i3El / 2 
2 

e e (4-5) 

where i3 is a material dependent absorption term, E is the primary 
electron energy (annular area potential, V , expressed 1n eV), e 1S the 

a 
lncident electron angle, E and a are material constants (from Append1x 

m m 
C). The results of this procedure are shown in Fig. 4-2, where the 
possible physical solutions for this model are shown to vary over a 
large range of mean incidence angle. The results of the calculcation 
procedure (steps (i) through (v)) are indicated by the lines with 
d1fferent assumed values of V , while the perm1ssible values of 

a 
secondary electron emiss10n (from Eq. (4-5)) are ind1cated by the 
inc1dence angles «90°). 

Model 

The first task 1n formulating the model is to determine an 
effective angle for the incoming electrons strik1ng the 1nsulator. 
S1nce the flow 1S orbit-l1mited, the path of the electron 1S not rad1al. 
W1th th1S in mind, a reasonable approximation for the angle 1S the value 
that gives the same secondary electron em1ssion as the average of the 
angular dependence term of the secondary yield over the surface of a 
hem1spher1cal sheath. Th1S 1S glven by 

1/2 i3E (l-cosS) 
<e > 

2n n/2 1/2 2n n/2 
f d~ f e i3E (1-cos8)sln8de/f d~ f sin8dS 
o o 

1/2 
1/GEl / 2 

{e
GE -I} 

o o 

(4-6) 

Over a range of 1400 eV, the angle corresponding to an averaged angular 
dependence of a var1ed from 65° to 72°, 1ncreasing w1th increasing 
energy. The calculat10ns presented 1n Fig. 4-2 ind1cate that solutions 
w1th angles 1n th1S range requ1re annular ring potentials close to the 
conductor potent1al. The potential of the annular r1ng can then be 
taken to be the same as the conductor potential, that is, V ~ V . a ~ c 
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Having determined the potential and incident angle requirements on 
the annular 1nsulator ring, the model can be used to predict electron 
collection for the surface enhanced collection mode. The procedure for 
predicting current collection is as follows: 

(1) Calculate the effective incident angle for the secondary 
electron emission yield at a given conductor potential (Eq. 
(4-6)) • 

(i1) Calculate the secondary yield from the conductor potential 
using this angle and 

aCE) SEl/2 (1-coS8) arnE 2 _SE I / 2 
<e >--- e e 

E 
(4-7) 

m 

(li1) Calculate the annular ring area from Eq. (4-3). 

(lV) Calculate the collect1on rad1US for the desired hole diameter 
from 

2 1Tr = (~ + A ) c -11 a (4-8) 

(v) Calculate the electron current for the given plasma condl
tlons uSlng 

I '" j Ifr 2 eV/kT 
o c e 

(4-9) 

from planar probe theory (Appendix B). 

For the model as presented, the collection rad1us is a critical 
parameter in determining the collected current. The collection radius 
1S shown 1n Fig. 4-3 as a funct10n of conductor potential for three hole 
d1ameters, 1.0, 3.0 and 5.0 rnrn, for polY1mide insulator. The calcu
lat10ns shown 1n Fig. 4-3 ind1cate that, after an ln1tial sharp 1ncrease, 
the collection rad1us increases slowly with increas1ng conductor poten
tial. This behavior leads to current-voltage characterist1cs that are 
roughly linear for high conductor potentials. 

Comparison w1th Experimental Data 

To determine how well the 
characteristics, the model can 
comparisons are shown ln plots 

model predicts the current-voltage 
be compared to exper1mental data. The 
of normalized hole current, I kT /J , 

e 0 
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versus conductor potential. The use of Eq. (4-9) has been justified 
from theoretical considerations. The form of this equation confirms the 
normalization used in Section III. In order to be more preclse in the 
comparisons, the conductor potential is referenced with respect to 
plasma potential. It should be noted that this dlffers slightly from 
the conductor potential In Section III, which was referenced with 
respect to facillty ground. The difference between the two reference 
potentials is typically 20 volts. 

The calculated current collection is compared to the experimental 
data in Fig. 4-4 for a 1.0 rnm dlameter hole at three different plasma 
conditions. The predicted and experimental values are in excellent 
agreement. 

Hole Slze. The model is compared to experimental data for three 
different hole d1ameters, 1.0, 3.0 and 5.0 rnm, in F1g. 4-5. The model 
pred1cts the effect of hole size quite well, with experiment and theory 
agreeing within a factor of two. 

The model indicates that the correct normalization factor should 
be IkT /~J. That is, e -0 0 

oV 
p 

(4-10) 

The current-voltage curves for the different hole Slzes should collapse 
onto one llne, using th1S norrnal1zation. The fact that they do not 
lS an 1ndication of the limits of the theory. 

Sample Temperature. It was found that, for a 1.0 rnrn diameter hole 
in polyimide, increasing sample temperature resulted in a decrease in 
current collection. A comparison of the theory with experiment (see 
Fig. 4-6) shows that the model also predicts a decrease 1n current 
with increasing sample temperature (see Append1x C), but not of the 
magnltude the data indicates. Thls will be d1scussed later In thls 
paper. 

In test1ng a 5.0 rnm d1ameter hole in polyimide, no sample temper
ature effect was observed (see Fig. 3-14). However, the model stlll 
predicts a temperature effect. In fact, the temperature effect lS 
proportionally the same as for the 1.0 rnm diameter hole. That lS, for a 
simllar temperature ~ncrease, the predicted current drops by the same 
ratio. This d1sagreement with observed behavior cannot be expla1ned at 
thls time. 

While test1ng iso-m1ca, it was found that there was no sample 
temperature effect. The literature reports that the secondary Y1eld for 
m1ca 1S temperature independent. From Eq. (4-3), 1t can be read1ly seen 
that the theory predicts no temperature effect if the secondary Y1eld lS 
independent of temperature. The absence of a temperature effect lS thus 
correctly predicted for mica. 
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In demonstrating that increasing sample temperature decreases 
current collection for polY1mide, it has been shown that any parameter 
that decreases the secondary yield decreases electron collection. This 
was illustrated in the observed effect of sample roughness. Roughen1ng 
a surface decreases the secondary yield and, as such, the model predicts 
that the current collection should decrease. This is in agreement with 
observed experimental data (see Section III). 

Insulator Material. Two sample materials, whose secondary yields 
are known, were tested, polyimide and teflon. On first inspection, 
their secondary electron emission yields appear sufficiently different 
to cause different electron collection (the primary reason for choosing 
the two materials). After testing,. when the averaged angular depen
dence, Eq. (4-6), was selected for the secondary yield, the coefficients 
were found to be very similar. This similarity 1n the average secondary 
yields explains why two apparently dissimilar materials produced very 
similar electron co11ect1on (see Fig. 4-7). 

Discussion of the Model 

The fundamental parameter upon which the model depends is the 
secondary electron emission yield, and, as such, it is appropriate to 
discuss the state of the theory for the secondary emission process. 
There are at present several theories for secondary electron emiSS1on. 
All of these theories are unsatisfactory in one respect or another. 
The theory of Lye and Dekker (see Append1x C) appears to be the most 
prom1nent 1n the llterature. It correctly predicts a temperature effect 
for some 1nsu1ators but not for metals, which is correct in both cases. 
However, Lye and Dekker's theory also predicts an angular dependence 
wh1ch deviates sharply from experimental observation. The form of 
Dekker's universal curve for secondary emission is general enough that 
it can be fitted to almost any data. 

Another theory has been proposed by Sternglass. Although it is not 
nearly as prom1nent in the literature as Lye and Dekker's theory, it has 
been used successfully by several people in modeling secondary em1ssion 
in polymers. Sternglass' theory correctly predicts the angular depen
dence of the secondary yield, but also pred1cts a temperature dependence 
for metals, which has not been observed. 

These comments clearly 1nd1cate that, as yet, there 1S no com
prehensive theory for secondary electron em1SS1on. It is therefore 
necessary to rely to a large extent on experimental data. Unfortu
nately, the data on polymers 15 quite limited. It is only recently that 
such studies were started in the u.S. (early 1970's), and from the late 
1950's in the U.S.S.R. Furthermore, only one study (to the author's 
knowledge) has been carried out on the temperature and angular depen
dence for polymers (see Appendix C) ln the energy regime of lnterest 
here, and that study did not include po1yimide. 

From these observations, the reader should be aware that the 
accuracy of the model is strongly dependent on the accuracy of the 



N 

E 
I 
> 
Q) 

~ -c: 
Q) ... ... 
:::J 

U 

Q) 

o 
J: 

'U 
Q) 
N 

c 
E ... 
o 
Z 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

58 

x10- 2 

Sample Electron 
Material Density 

0 PolYlmlde 1.7x l<Y>cm-3 

0 Teflon 3.4xlrrcrri'3 

Hole Diameter 1.0 mm 
- Theory 

Electron 
Temp 

4.5eV 

7. leV 

200 400 600 800 
Conductor Potential, V 

PolYlmide 

1000 1200 

Fig. 4-7. Compar~son of theory and exper~ment for different ~nsulator 
materials. 
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secondary electron em1ssion Y1eld. This 1S part1cularly true with 
regard to the temperature dependence of the model. One secondary 
emlssion theory that lS used herein predicts a temperature dependence 
that 1ncreases with energy and angle, although the experimental evidence 
generally does not support this. On the other hand, the temperature 
dependence used ln the model comes from a different theory (see Appendlx 
C for detalls) and is generally supported by experlment. The contra
diction can be 1llustrated with the one experimental study done on the 
temperature effect for a polymer (polystrene). In this study (see 
Appendix C), lt was found that the temperature dependence differed from 
Dekker's theory and was somewhat dependent on angle. This result 
lndicates that the temperature dependence of the secondary yield for 
polymers must be consldered questionable, and more studies need to be 
done before the temperature dependence can be defined. 

The assumption was made that the electrons arrived at the surface 
with an equal probablilty from all solid angles within the permlssible 
hemisphere. ThlS assumptlon appears reasonable, but since the electron 
flow 1S orbit lim1ted, an argument can be made that the electrons should 
strike more frequently at grazlng angles. If the mean effective angle 
was lncreased by 10%, the predicted current would be higher. It would, 
for example, still be wlthin a factor of two of the presently predicted 
currents over the conductor potentlal range from 200 to 1500 volts, for 
a 1.0 mm diameter hole. As indicated by this example, the assumption of 
angular dlstrlbutlon for electrons is believed to result ln at least 
qualitatlvely correct predictlons. 

It was also assumed that the exposed conductor collects secondary 
electrons proportional to ltS fractlon of the total collection area. 
If, because of electrlc fields, the exposed conductor collected tWlce 
the number of secondary electrons indlcated by exposed area, the 
collectlon rad1us would be reduced. The predlcted currents would then 
be 6 to 20% lower than presently predlcted values for a 1.0 mm dlameter 
hole in polYlmlde and a conductor potential of 200 to 1500 volts. The 
posslble adverse effects of this area-proportional collectlon assumptlon 
are therefore belleved to be small. 

A few summary comments should be made about the model. Many 
authors who have stud led the phenomenon of electron collection through a 
defect ln lnsulatlon over a hlgh voltage solar array have proposed that 
secondary electron emisslon somehow plays an lmportant role ln the 
collection mechanlsm, but none have evaluated detalls of this role. In 
the model presented hereln, a self-conslstent descrlption of the role of 
secondary electron emisslon lS glven. Using thls model, slmple calcu
lations yield realistlc predictions that lnclude all the major features 
found in experlmental investlgatlons. Nevertheless, the theory 
presented is only a first approxlmatlon to a descrlption of the collec
tlon mechanlsm. The next step ln lmprovlng the model would be a calcu
lation of the pr1mary electron (I.e., electrons or1g1nating from the 
plasma) traiectories. A calculatlon of this type would allow the 
electron collectlon due to prlmary electrons and due to secondary 
electrons to be dlstingulshed from each other. Furthermore, knowlng 
the prlmary electron trajectorles would allow for a better treatment 
of the angular dependence for the secondary electron emisslon Yleld. 



60 

Another improvement to the model would be calculatlons of the 
secondary electron trajectorles. Knowledge of these trajectorles 
would yield the range of movement of the secondary electrons. ThlS 
would indicate if the entire hole area should be included ln the 
calculation of the collection area. This information would be more 
lmportant as the size of the hole increases. 

These suggestions are meant to point out possible ways to imrpove 
the model herein, although both the suggestions involve conslderable 
work. It 1S hoped that they may prove useful. 



v. CONCLUSION 

This 1nvestigation has identified two electron collection modes. 
One mode 1nvolves only the surface of the surrounding insulator, thereby 
enhanc1ng the current collect10n. The second mode 1nvolves the same 
surface enhancement plus an additional enhancement due to the vaporiza
tion and 10nizat10n of the surrounding insulator. The occurrence of the 
second mode depends on the enhanced current collection of the first mode. 

The surface enhancement has been found to be a function of the 
secondary electron emission yield of the surrounding insulator. As 
such, parameters which decrease the secondary yield also decrease 
electron collection. 

The vapor-enhanced collection mode exhibits all the same properties 
as the surface enhanced mode except the dependence on hole size. It 
was found that the electron collection 1n this mode appears to be 
essentially 1ndependent of this hole size for the Slze range tested 
of up to 2.0 rnrn. 

A model has been developed for the process of the surface enhance
ment. The model depends strongly on knowledge of the secondary electron 
yield, and as such, 1S extremely sensltive to uncertainties in this 
knowledge. The model has been shown to correctly pred1ct all qualita
t1ve trends. Further, the predicted current collection is generally 
w1th1n a factor of two experimental values for the same cond1tions. 
This theory 1S easily followed in its formulation and can be used in a 
stra1ghtforward and conven1ent manner. 
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APPENDIX A 

THICK SHEATH SPHERICAL PROBE ANALYSIS 

Thick sheath spherlcal probe analysis was used to determlne the 
plasma parameters. A knowledge of this probe theory lS necessary for 
understandlng the experimental procedure used to evaluate plasma 
parameters. 

The current-voltage characteristic of a Langmulr probe has two 
different current collection regions of lnterest, the transltion and 
attractlng regimes. These regions are separated by the plasma poten
tial, and are dealt with separately herein. 

Transition Regionl 

In the transltlon reglon, the probe potential lS less than plasma 
potential. This causes electrons to be repelled and lons to be attracted. 
Due to the much greater mobility of the electrons, the current col
lected by the probe conslsts mostly of electrons and the ion current 
can be 19nored. The electron denslty in thls transitlon reglon is given 
by the Boltzmann equatlon 

n(V) = n exp[-e(V -V)/kT ] , 
e p e 

(A-I) 

where n is the 
e 

potentlal, V lS 
is the electron 

electron density of the bulk plasma, V is the plasma 
p 

the probe potential, e is the electronlc charge, T 
temperature, and k 1S the Boltzmann constant. e 

The current striking the probe lS glven by the random current 
density of the reg10n around the probe multiplied by the surface area of 
the probe. That lS, 

I = !4 n(V)e[8kT /nm ]1/2A 
e e p 

(A-2) 

or 
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A 
I ~4 en [8kT /nm ]expI-e(V -V)/kT ] e e e p e (A-3) 

where m is the electronic mass and A the surface area of the probe. 
e p 

Using the logarithm of Eq. (A-3) , 

tnI 1 1/2 
tn -4 n eA [SkT /nm ] e pee eV /kT + eV/kT 

pee 

and then differentiating with respect to probe potential, 

d/dV (tnl) e/kT 
e 

(A-4) 

(A-S) 

the electron temperature can be determined. The slope of a semi-log 
plot of electron current versus probe potential, 1n the transition 
region, therefore yields the electron temperature of the plasma. 

This ana1ys1s for the trans1t1on region is applicable to pny 
probe geometry. 

Attracting Region 

In the attract1ng region the probe potential 1S greater than the 
plasma potent1al; electrons are attracted and ions repelled (ion current 
will aga1n be neglected). Since electrons are attracted, the current 
density at the probe sheath is the random current dens1ty of the bulk 
plasma, 

1 1/2 
-4 en [SkT /nm ] 

e e e 
(A-6) 

The current collected by the probe 1S then determined by the Slze of 
the sheath around the probe. 

The size of the sheath is dependent on the ratio a/AD' where a 1S 

the probe radius (for spher1cal probe) and AD is the Debye length 

IE kT /n ]1/2 
o e e 

(A-7) 

where EO is the permitt1v1ty of free space. When a/AD » 1, the sheath 

area is approximately that of the probe area (th1n sheath). If 
a/AD « 1, the sheath w11l expand w1th probe potent1al and a thick 

1 sheath ana1ys1s must be used. 
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The formulation for the current collection in the 
by a sphere presented here is that given by Medlcus. 2 
also consistent with the original analysis of Langmuir 

attractlng region 
The results are 
and Smith. 3 

Beglnnlng wlth conservation of both energy and angular momentum, 

and 

122 - m [v +v ] = 2 e rp tp 
122 
-2 m [v +v ] + e(V-V ) e rs ts p 

av 
tp 

r v 
s ts pVs ' 

(A-8) 

(A-9) 

where v and v are the radial velocitles at the probe and sheath, 
rp rs 

respectively, and v and v are the tangential velocities at the probe 
tp ts 

and sheath, respectively. 
lS given by 

The variable p is the impact parameter and v 
s 

v 
s 

2 v 2 + v 
rs ts 

2 
(A-lO) 

It is assumed that v 
rp 

= o. A grazlng impact parameter is defined as 

the impact parameter where an incoming electron grazes the 
shown in Fig. A-I. The condition for grazlng impact is 

a < p < r 
g - s 

probe, as 

(A-H) 

At P = r the current collection is llmited by the sheath, while for 
g s 

p < r the current collection lS limlted by the impact parameter. 
g s 

From Eqs. (A-8) through (A-lO), Pg can be found to be 

or 

a
2

[1 + e(V-V )/-2
1 

m v 2J pes 

2 
a [1 + e(V-V )/u] 

p 
where u 

and the subscript s refers to the sheath. 

1 2 -mv 
2 e 

(A-l2) 

(A-l3) 

The condition that separates the sheath limited and impact parameter 
limited case 1S 

2 
a [1 + e(V-V )/u

1 
1 

p c 
(A-14) 
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Fig. A-i. Sketch of grazing impact. 
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or 

2 2 
[r /a -l]/e(V-V ) 

s p 

then for 

sheath limited 

u > ~ 1mpact parameter limited . 

The current is given by 

where 

dI 1 
4np

g I; vdn 

dn = n F(v)dv , 
e 

F(v) 1S the Maxwellian veloc1ty distribution 

F(v)dv = [m /2 kT ]3/24nN2exp[_m v2/2kT ]dv • 
e e e e 

(A-IS) 

(A-16) 

(A-17) 

(A-IS) 

(A-19) 

(A-20) 

For (V-Vp) > 0, the 1ntegration is over two parts, v = 0 to vk for the 

sheath limited case, and from v = v
k 

to 00 for the impact parameter 
llmited case. 

co 

I 

v
k 

2 nen [r f 
e s 

2 
vF(v)dv + a f 

eV 
(1 + -)vF(v)dv] 

u 
a v

k 

Th1S yields 

I 1/2 t me J 3/2[
2kT

e]2 -e(V-Vp) 
4n ene 2kT -m- exp kT 

e eYe 

e(V-V ) 
+ ----,,-----"p

ykT 
e 

2 
r 

+ _s_ 
2 

e(V-V ) 
---P-,-- + 1 

kT 
e 

(A-21) 

(A-22) 
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y _ (r 2/a2 - 1) • 
s 
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For r 2/a2 
» 1, Eq. (A-22) reduces to 

s 

I j 4rra
2

[1 + e(V-V )/kT ] • r p e 

(A-23) 

(A-24) 

The final expression for the electron collection for a spherical 
probe shows that the current is proportional to the probe potential. 

From Eq. (A-24), the electron density can be found by taking the 
derivat1ve of the current with respect to probe potential, 

dI/dV 

the electron dens1ty is given by 

n 
e 

Irrm /8kT ]1/2 1/rrea2 dI/dV 
e e 

Plasma Potential 

(A-25) 

(A-26) 

Plasma potential 1S determined from data in both the tranS1t1on and 
attracting reg1ons. In the trans1tion reg1on, the current is given by 

I exp [e(V
1

-V )/kT ] 
r p e 

(A-27) 

where 11 and V
1 

are the current and probe potential, respectively, from 

the transit10n region, and I 1S the random current 
r 

I 
r 

4 2. 
rra J 

r 
(A-28) 

The electron dens1ty for I is determined from the attracting region 
r 

(see Eq. (1\-26)). The p1asmd potential is then given by 

v 
p 

(A-29) 
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Examples of Probe Analysis 

As an example of probe analysis, consider the probe 
current-voltage characteristics taken in the small vacuum facility with 
a 1.0 cm diameter probe shown in Fig. A-2. The figure shows both the 
trans1tion and attractlng regions. The electron temperature is 
determined from the transition region (see Fig. A-3(a». The electron 
density 1S determ1ned from the slope of the characteristic 1n the 
attracting region (see Fig. A-3(b», together with the electron tem
perature. The plasma potent1al is then determined using Eq. (A-29), and 
is found to be 24.0 volts. 
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APPENDIX B 

PLANAR PROBE THEORY 

The planar probe theoryl,2 of Parker and Whipple has been used to 
compare electron and ion collection to the expected magnitude of current 
collection for electrostatic probe theory, as well as in the theory. 
Since this theory has been used, it is lmportant to understand its 
formulation. The geometry of the probe is lndicated in Flg. B-1. 

The current density collected by a probe may be expressed by the 
integral 

J 

-+ 

-+ 3-+ 
fff f vd v 

00 
(B-1) 

where v is the veloc1ty vector and f is the distr1bution function far 
from the probe. The diff1cult porti~n of the solut1on for j 1S deter
minat10n of the llm1ts of 1ntegration. The formulat1on can be initiated 
by writlng the total energy, 

E 1 [v 2 + v 2J + ¢(r) , 2" m r z (B-2) 

where v and v are the cyl1ndr1cal components of the veloc1ty, m 1S 
r z 

the part1cle mass and 0(r) is the potent1al energy. Introduc1ng the 
probe potent1al, -v (for an attracting potent1al, V > 0) and the 
notation 

1 2 
X - 2" mVr 

Eqs. (B-1) and (B-2) can be written as 

E X + Z - V 

(B-3) 

(B-4) 

(B-5) 
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F~g. B-1. Geometry of planar probe. 
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00 

2n 
J = -z I foo(E)X(E)dE (B-6) 

m 0 

where X(E) represents the boundary condition for current collection. 

Using an impulse approximation theory, an expression for X(E) is 
determined to be 

X(E) (B-7) 

where b is a constant that can vary from 0 to 2. The parameter b 
depends on the effect of the electric field on the incoming trajectories. 

In the approach used by Parker and ~{hipple,l it is necessary to 
define some more var1ables, 

00 00 

<E> f f (E)EdE/f f (E)dE 
00 00 

o o 

00 

J
o 

= 2n/m2 I foo(E)EdE 
o 

(B-8) 

(B-9) 

where <E> 1S the average energy and jo is the current density at infin1ty. 

The normalized current density can then be written as 

f (E)dE 1 00 

1 + V/<E> _ b2V2/4 0 [E+V] 
00 

If (E)EdE o 00 

Maxwell1an Distribution 

For the Maxwell1an d1str1but1on 

f (E) 
00 

3/2 n [n/2nkT] exp(-E/kT) 
o 

the normalized current collect1on 1S 

(B-IO) 

(B-ll) 
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where T is the particle temperature, n the ambient density, and 
o 

El(x) is 

00 

El(x) = f e-
t 

dtlt . 
x 

For V » <E>, Eq. (B-12) reduces to 

(B-12) 

(B-13) 

(B-14) 

It should be noted that for b = 0, Eq. (B-14) has the same form 
for current collectlon as for a spherical probe. 

Monoenergetic Distributlon 

For a momoenergetlc distrlbution 

n 12n (m/2E ]3/2 0(1 - E/E ) 
000 

(B-15 ) 

where E is the singular energy and 6(x) is the Dirac delta-functlon, 
o 

the normallzed current denslty is 

(B-16) 

4 For ion collection, jo is 0.6 times the Bohm current denslty 

and E is found from the Bohm velocity, 
o 

v = Bohm 
IkT Im.]1/2 

e 1 

E 
o 

kT 12 
e 

(2E 1m.] 1/2 
o 1 

where m. is the ion mass and T the electron temperature. 
1 e 

(B-17) 

(B-18) 



APPENDIX C 

SECONDARY ELECTRON EMISSION 

Secondary electron emission consists of two components, true 
secondary electrons and backscattered primary electrons. The true 
secondary electrons are considered to be those that have an energy 
of less than 50 eV. Th1s distinction between true secondaries and 
backscattered electrons 1S arbitrary, but one that is accepted as 
standard. l - 5 The secondary electron emission yield (total yield) is 
given by 

number of emitted electrons 
a = ----------~~--------~~~~ 

number of inc1dent electrons 

or 

a o + n 

where 8 !s the true secondary Y1eld, 

number of true secondary electrons emitted 
number of incident electrons 

and n 1S the backscattered Y1eld, 

n 
number of backscattered electrons 

number of 1nc1dent electrons 

The total yield is dependent on the 1nC1dent electron energy, but 

(C-l) 

(C-2) 

(C-3) 

(C-4) 

o and n exhib1t d1fferent dependencies. This requ1res that nand 0 
be d1scussed 1ndependently. Slnce only the true secondary electron 
yield, 0, 1S cons1dered in the model of Section IV, only 8 will be 
discussed. Although the backscattered Y1eld is not discussed, 1t 1S 
generally accepted as negligible compared to the secondary Y1eld 1n 
the range of 1nterest herein. 
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Theory 

Inasmuch as the secondary coefficient, 0, is very important for the 
model of current collectl0n through a defect in insulation coverlng a 
high voltage solar array, it is helpful to understand the mechanism for 
secondary emission. To date, there is no theory that completely 
explains secondary electron emission. The two theories dlscussed here 
are typigal of the differences encountered in various theories. The two 
theories ,7 both begln with the expreSSlon for the secondary coefficlent 

!n(E,x)f(x)dx (C-5) 

where n(E,x)dx is the number of secondaries produced per incident 
prlmary of energy E ln a layer of thickness dx at a depth x below the 
surface, and f(x) is the probability that a secondary produced at depth 
x escapes to the surface. Both theories assume that n(E,x) is pro
portional to the energy loss of the primary beam per unit path length, 
and that f(x) is given by an exponential absorption law. 

6 The flrst theory dlscussed, that of Lye and Dekker, proposed that 
the energy loss for prlmaries has a power law form 

dE/dx (C-6) 

where A and n are constants. This form of energy loss is based on the 
experimental results of Young. 8,g 

Integration of the power law yields 

En+l-A(n+l)x . (C-7) 

n+l 
By equatlng E (x) to zero, the range for the prlmary electrons can be 
found to be 

R (C-8) 

This theory approximates the energy loss through the material with a 
constant. USlng this assumptlon, the energy loss of primary beam per 
unlt path length can be wrltten as 

dE/dx E/R , (C-9) 
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or 

n(E,x) KE/R , (C-lO) 

where K is a mater1al constant. The secondary coeff1cient is then 
given by 

R 
aCE) J KE/R e-axdx (C-ll) 

o 

or 

aCE) n+l n 
K[l-exp(-aCE )]/aCE (C-12) 

where a 1S a material constant. This expression can be reduced to a 
universal yield curve, as suggested by Baroody,lO by introducing the 
function 

g (z) 
n 

n+l 
l-exp(-z ) 

n 
z 

The reduced un1versal yield curve 1S then glven by 

6(E)/6 = g (z E/E )/g (z ) 
m n m m n m 

(C-13) 

(C-14) 

where a is the maximum value of a at an incident energy of E , and 
m m 

z 1S the value of z where g (z) 1S a maximum. This universal curve 
m n 

can be f1t to almost any data by choos1ng the correct value for n. 

7 The second theory to be discussed is that of Sternglass. The 
first d1fference encountered between the theor1es is that Sternglass 
assumed that all the secondaries are produced at a mean depth, A . 

m 

This allows the probab1l1ty of secondary escape term, f(x), to be taken 
out of the 1ntegral, 

aCE) Be 
-aA 

m J n(E,x)dx , (C-lS) 

where B is the proportionally constant associated with the absorpt10n 
term. The probability of secondary electrons being produced 1S 
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n(x,E) -1/~ dE/dx , (C-16) 

where E is the average energy requ1red to produce a secondary electron 
1nS1de the so11d. 

The energy loss is evaluated by taking into account the back
scattered electrons through the introduction of the mean fract10n energy 
of the backscattered electron, k. The total energy loss 1S then 

IdE -E(l-kn) . (C-17) 

This differs significantly from Lye and Dekker's theory in that k and 
n are dependent on the atomic number of the material. Because of these 
dependencies, Sterng1ass' theory is often referred to as an atomic 
shell model. 

The 

or 

secondary yield is given by 

aCE) 

aCE) 

-etA 
Be m dE 

I dx dx 
E 

B/E exp(-etA )E(l-kn) 
m 

(C-18) 

(C-19) 

Using a diffus10n argument, 1t can be shown that the mean depth 1S 
. 1 E1/2 proport1ona to or 

etA 
m 

where B is a mater1al constant. The constant B 1S related to the 
energy which gives the maximum yield, that is 

6 2/E 1/2 
m 

The final express10n for the secondary coeffiC1ent 1S 

o(E) B/E E(1-kn)exp[-2 E1/2/E 1/2] 
m 

This form Y1elds a universal Y1eld curve of the form 

(C-20) 

(C-21) 

(C-22) 



o(E)/o ~ E/E 
m m 
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-2(E/E )1/2 
m 

Dependence on Incident Angle 

(C-23) 

In the prev10us sect1on, the two theories were developed for normal 
incidence. It has been shown that the secondary electron emiSS10n 
coefficient, 0, is strongly dependent on the angle of incidence. ll ,12 
To include the angle of incidence in the theories, the term x becomes 
xcosB in the absorption terms, where B 1S measured from the normal to 
the surface. CarrY1ng this term through the integrations yields 

o(E,e) 
n+l KE[l-exp(-aCE cosB)] 

n+l 
aCE cosB 

13 for Lye and Dekker's theory, and 

B 1/2 
a(E,B) = = E(l-kn)exp(-SE cosB) 

E 

for Sternglass' theory. 

For Sternglass' theory, the relat10nship 

a(00)exp[2 El/2/E 1/2 (l-cosB)] 
m 

(C-24) 

(C-25) 

(C-26) 

can be derived. This expression compares favorably with the angular 
dependence found by Bruining,12 that is 

o 0(0 )exp[p(l-cosB)] , (C-27) 

where p is a constant that depends on energy. 

Dependence on Temperature 

It is ~enerallY agreed that there is no temperature dependence for 
metals,1-3, however, a temperature dependence for 0 has been observed 
in insulators. 14- l6 The explanat10n for th1S difference is the energy 
loss mechanism of the secondary electrons produced in the material. In 
met~ls, the secondaries can collide w1th free and bound electrons 
1nvolving large and small amounts of energy transfer. In insulators, 
because of the large gap between the valence and conduction bands, any 
energy loss mechan1sm of the secondar1es must depend on electron col
lisions wlth lattice defects and~or electron-phonon interactions for 
energ1es less than the band gap. 
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From electron-phonon interactions, Dekker has developed a 
temperature dependence for 0. 17 ,18 This formulation was done before the 
emission theory of Lye and Dekker so some of the assumptions dlffer. A 
brief outline of the theory is presented. 

The theory starts with the expression 

-A dE 
dx 

hv 
(2n +1) -

v 
aCT) (C-28) 

where A is the mean free path, E is the secondary electron energy, h lS 
Planck's constant, and x lS the depth in the material. The term n is 

v given by 

n 
v 

l/[exp(hv/kT)-l] , (C-29) 

the phonon statistics, where v is the frequency of longitudinal optical 
vibratlon mode for an ionlc crystal, and k is Boltzmann's constant. The 
expression AdE/dx represents the ener~y loss per colllsion and is based 
on the works of Frohlick19 and Seltz. 0 

Assumlng that all secondaries are produced with the same energy, 
EO' the energy of a secondary after N col11s10ns is 

E(N) E -Na(T) 
o 

The mean free path of the secondarles is written as 

A E/E (2n +1) , 
o 0 v 

where A is a constant. 
o 

(C-30) 

(C-3l) 

A further assumption lS that if the secondaries lose an energy 
E " they no longer take part in the secondary emlSSlon process. This 

o 
llmlts the maximum number of collisions to N , glven by 

m 

N a 
m 

E ' 
o 

(C-32) 

Now, if the secondaries carry out a one-dimensional random walk 
normal to the surface, the range of secondaries lS given by 

x 
s 

(C-33) 
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Then for 
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A 2 

x 
s 

o 2 2 2 1/2 [N (E +a <N >-2E a<N»] 
m E 2(2n +1)2 0 0 

<N> N /2 
m 

o v 

(C-34) 

(C-35) 

(C-36) 

and substitutlng Eqs. (C-32), (C-33) and (C-34) into Eq. (C-35) yields 

x = constant/[2n +1] . 
s v 

Assumlng Whlddington's law, 

dE/dx 

E (x) 

-A/E , 

(E 2_2Ax)1/2 
o 

thls gives an expression for n(E,x) of 

- 2 1/2 n(x) = -l/E A/[E -2Ax] , 

or for small x 

n(Ex) 

Then, Slnce oan(x)x 
s 

01/02 = {2n +1/2n +1] 
v 2 vI 

For nonpolar insulators, the temperature dependence is 

(C-37) 

(C-38) 

(C-39) 

(C-40) 

(C-41) 

(C-42) 
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v v 
m 2 m 2 

[I (2n +l)v dvll (2n +l)v dv] 
v2 0 vI o 

where v 1S the upper limit of v. 
m 

(C-43) 

For kT » hv, both expressions (Eqs. (C-42) and (C-43)) reduce to 

(C-44) 

Wh1Ch 1S in rough agreement with the results of Johnson and MCKay.l5,l6 

Th1S formulat1on depends on the domination of electron-photon 
interaction. If the lattice defects dominate the energy loss mechanlsm, 
no temperature dependence of 0 is expected~ and no temperature depen
dence has been found ln glass or mlca. 2l ,2L 

In contradlction to general findings, Sternglass23 reports a 
temperature dependence for metals. Sternglass proposes that th1s 
effect can be explained by a linear temperature dependence of the 
absorption coeff1cient, a. However, it has been suggested that the 
temperature dependence found was due to surface contam1nation of the 
samples, and not any true temperature dependence for 0 of the metals. l 

Surface Condition 

It has been observed that when a material's surface is roughened, 
its secondary emission yield decreases. 24 The explanation for this 
effect is that when a surface is roughened, microscopic Faraday spaces 
(spaces without fields and from which no secondary electrons can be 
emitted) are formed. ThlS effectively decreases the total area from 
,,,hich emiss10n may occur. 

Angular Dlstribut10n of Secondary Electrons 

have been found to have a roughly cosine 
distr1bution can be understood by the 

Secondary electrons 
distribut1on. 25- 27 This 
followlng formulat1on. 2 
by 

The current density ln the materlal is glven 

N(x,E,n)vcosSdEdn , (C-45) 

where c is the secondary electron energy, x the electron its depth, r 
1S the solid angle, N 1S the secondary d1stributlon 1n the mater1al, v 
is the electron speed, and S is the angle the electron velocity makes 
with the normal to the surface. The conservation of energy and momentum 
Yleld 
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c = c' + W (C-46) 

vsinS v'sin¢ (C-47) 

where the primed values are those outside the material, ¢ is the angle 
of the secondary (outs1de the material) measured from the surface 
normal, and W 1S the potential step at the surface. The current dens1ty 
at the surface (x = 0) is 

which can be wr1tten as (using Eqs. (C-4S) through (C-48» as 

J (s' S"l') 
s ' 

N(O,s,S) (s'/s) vcos¢ 

or 

J (s' ¢)/j (s' 0
0

) = N(s,S)/N(s,Oo) cos¢ . 
s ' s ' 

For an 1sotropic distr1but1on, 

j (s' ,¢)acoscj> , 
s 

Wh1Ch is 1n rough agreement with results. 

Energy D1stribut1on of Secondary Electrons 

(C-48) 

(C-49) 

(C-SO) 

The energy d1stribut1on of true secondar1es has been observed to be 
1ndependent of pr1mary electron energy.S Th1S can be understood by 
1ntegrating Eq. (C-49) 

j (~') = v f E'IE N(O,E,B)cos¢d~' . 
s 

US1ng Eq. (C-47) and defin1tion of dn' yields 

J (c') 
s 

v f N(O,s,S)cosBslnBdB . 

(C-Sl) 

(C-S2) 
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While the magnitude of the distribution, N(O,E,S) should be affected 
by the incident electron energy, its form should be nearly independent. 
This would have the effect of mak1ng the relat1ve energy distribution, 

J (s') = j (s')/!J (s')ds' 
s,Rel s s ' (C-53) 

independent of incident electron energy. 

It should be noted from Eq. (C-52) that as S ~ 0, E' ~ 0 and 
j (E') ~ O. Thus the energy distribution curve will always start at 

s 2 
zero energy. 

An example of an energy distribution is given in F1g. C-l. 
Although this d1str1bution is for a metal, many insulators have been 
found to have similar d1stribut1ons. 

Secondary Electron Emission from Polymers 

The polymers suitable for insulation over high voltage solar arrays 
are primarily polY1mide and teflon. Therefore, this section will be 
aimed at characteriz1ng those mater1als. 

Work done on polY1m1de and teflon 1S scarce, and all the ava1lable 
literature found w1ll be ment1oned. Leung, Tueling and Schnauss 29 have 
measured the secondary Y1eld, 0, of po1yim1de at normal 1ncidence. 
Matskevick14 has measured the secondary yield of several polymers, 
including teflon, at normal and non-normal incidence, as well as 
measur1ng 8 at several temperatures for polystyene. Ga1rll has 
measured both the backscattering Y1eld, n, and the secondary yield of 
polY1m1de at several angles of incidence for primary energies of 10 to 
80 keV. W1llis and Skinner30 have measured the total Y1eld, 0, of both 
polY1m1de and teflon. 

29 Lueng, Tueling and Schnauss found that their measurements of 6 
fit well to the model of Sternglass. 7 

The data for teflon from Matskevick,14 for normal incidence at 
20°C, was found to be modeled well by Sterng1ass' expression, Eq. 
(C-23). It should be noted that these data were previously fitted to 
Lye and Dekker's6 expression for a universal yield curve by Wall, 
Burke and Freder1ckson. 3l Th1s fit was found to be inferior to the 
fit obtained using Sterng1ass' theory. The secondary yield for teflon 
and polyimide are shown 1n Fig. C-2. 

The angular dependence for teflon and polyim1de was found from 
Sternglass' theory, Eq. (C-26). The values of S, as well as other 
parameters for teflon and polYlmide are given in Table C-l. 
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Matskevick14 found a temperature dependence for 0 for polystyrene. 
The temperature dependence varled with incldent energy and angle of 
incidence. For normal lncidence, the dependence vanished at approxi
mately 800 volts, while at 60° incidence an avarage dependence of 

T-1/ 4 was found over a range of 2000 volts. While this data confllcts 
with Dekker's theory for temperature dependence, there is not sufficient 
data to compare with Sternglass' theory, as such, Dekker's temperature 
dependence will be used in the absence of any better theory. 
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Table C-l. Important parameters in the secondary 
electron emlssion yields for poly
imide29 and teflon. 14 

Polyimide Teflon 

0 1.8 235 m 

E m 
(eV) 250 410 

S (eV)-l 0.126 9.88 x 10 -2 

i'\ 

En (eV) 1000 204 

,'< 

EI (eV) 50 50 

,~ 

EI and Ell are the two cross over points, i.e., 

the values for E were 0 = 1. 
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