
AD-A143 012 EtEqTRDN CHARGING AND SGEMP (SYSTEM GENERATED
EECTRDMAGNETIC PULSE) STUD. U) MISSIDR RESEARCH CORP
SAN DIEGO CA J D RIDDELL El AL. 01 JAN 83 MRCISD-R-I12

UNCLASSIFIED DNA-6212F DNAOOI-79-C-0083 F/G 22/2 ' NLIIEIIIIIIIIII
IIEIIIIIIIIIII

mhmhhhhhmI



11161 1. ~ 12.0I IlI II

MICROCOPY RESOLUTION TEST CHART

NAIIONAL BUREAU Of SIANDARDS l9 6 A

; 4

J"!
e-i



DNA 6212F

ELECTRON CHARGING AND SGEMP STUDIES

N ON SATELLITE DIELECTRICS

(V) J. D. Riddell V.A. J. van Lint
B. C. Passenheim D. A. Fromme

Mission Research Corporation

I 5434 Ruffin Road

0 San Diego, California 92123

1 January 1983

Final Report for Period 15 April 1978-31 October 1979

CONTRACT No. DNA 001-79-C-0083

APPROVED FOR PUBLIC RELEASE;

DISTRIBUTION UNLIMITED.

THIS WORK WAS SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B323079464 R990AXEE50224 H2590D.

DTIC
.. Prepared for A ELECTE

C) JUL11
Director J 1

__ DEFENSE NUCLEAR AGENCY

--- Washington, DC 20305 B

"84 16 002

llht
I



UNCLASSIFIED
SECURITY CLASS FICATION OF T IS PAGE *h~e . D o,& Fn -e .. J,R E D I S U C ONREPORT DOCUMENTATION PAGE BEOED CNOTPLTINOR

IREPORT NUMBER :2 GOVT ACCF(A'ION NO. 3 RECIPIENT'S CATALOG NUMBER

DNA 6212FA
4 TI T LE land S,,btitfle) 5 TYPE OF REPORT & PERIOD COVERED

ELECTRON CHARGING AND SGEMP STUDIES Final Report for Period
ON ATELIT DILECRIC 615 Apr 78 - 31 Oct 79
ON STELITE IELCTRIS 6PERFORMING ORG. REPORT NUMBER

MRC/SD-R-112
7 AUTHOR-, 8 CONTRACT OR GRANT NUMBER(,)

J.D. Riddell V.A.J. van Lint DNA 001-79-C-0083
B.C. Passenheim D.A. Fromme

9 PERFOIRMING ORGANIZATION NAME: AND ADDRESS IG PROGRAM ELEMENT PROJECT TASK

Mission Research Corporation AREA A ORK UNIT NUMBERS

5434 Ruffin Road Subtask R99QAXEE502-24
San Diego, California 92123

11 CONTROLLING OFFICE NAME AND ADDRESS 12 REPORT DATE

Director I January 1983
Defense Nuclear Agency 13 NUMBFR OF PAGES

Washington. D.C. 20305 64
14 MONITORING AGENCY NAME II ADDRESSoI differenit Ironm Controlling 0th,- 15 SECURITY CLASS -I1 this report.

UNCLASSIFIED

ISA DECLASSIFICATION DOWNGRADING
SCHEDULE

___ ___ __ ___ __ ___ ___ __ ___ __ ___ __ N4A cinci- 'INC' lA;TTFJJ
5r DISTRIBUTION STATEMENT fol this Report)

Approved for public release; distribution unlimited.

17 DISTRIBUTION STATEMENT '01 Ili, ah.%trt entered in Mlork 20, it diffeirernt from, Report)

IA SUPPLEMENTARY NOTES

This work was sponsored by the Defense Nuclear Agency under
RDT&E RMSS Code B323079464 R99QAXEE50224 H2590D.

19 K EY WOROS IContinu on reverse side it niecessary and identify by block numnber)

Spacecraft Charging Triggered Discharge
SGEMP Teflon (Fluoroethylene Propylene)
Dielectrics Kapton (Polyimide)
Electron Radiation Solar Cell Cover Glass
Spontaneous Discharges Thermal Control Paint

20 ABSTRACT (Continue on reverse side It necessary arid identity hv block nuamber)

An experiment was conducted to measure the electrical response of satellite
thermal control dielectrics when exposed to mono-energetic electron beams
from 5-30 key. Responses included SGEMP pulses when exposed to short
(<100 ns) pulses of low energy X-rays (< 2 keV), and spontaneous discharges.
Significant SGEMP enhancement was noted as a result of precharging, and is
explained by a theory which includes low-energy secondary electrons which
escape via lateral edge fields. Potential profiles were taken a~ross the

DD I1JANMF3 1473 EDITION OF I NOV 65IS OBSOLETE UCASFE
SECURITY CLASSIFICATION OF THIS PAGE ("Ien not&. Ente..ed)



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (concluded)

sample surface during charging and after discharges. Transient measurements
included charge flowing from the substrate, charge "blown off" the test
object, and between different portions of the substrate. Two anomalous event
are reported which showed "blow-off" lasting up to a microsecond after
photon exposure, accompanied by a late time substrate current.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(W7,.n Dat. Entered)



PREFACE

The authors wish to thank their colleagues
W.N. Johnston, Pat Roach, and Norm Hall for
mechanical and electrical construction, assis-
tance with the experiment execution, and data
acquisition. We thank Dale Shamblin of FCnNA
for his assistance with the data acquisition,
and the OWL II crew of the Physics Interna-
tional staff.

Accen: Ic For

T s (GS --

P
-o.

; I ',' --.: .b I. -,.Y ~ dO' ._

i uC

Spc!U



TABLE OF CONTENTS

Section Page

PREFACE I

LIST OF ILLUSTRATIONS 3

1 INTRODUCTION 5

2 EXPERIMENTAL DETAILS 7

3 EXPERIMENTAL RESULTS 18

3.1 POTENTIAL PROFILES 18

3.2 TRANSIENT SIGNALS 32

3.3 DELAYED SGEMP EMISSION 44

4 SUMMARY 48

REFERENCES 50

APPENDIX 51 V

GLOSSARY OF TERMS 5R

2

I -



LIST OF ILLUSTRATIONS

Figure Page

1 Picture of the test body showing traverse, sample and B 8
sensors.

2 Top view of the SGEMP/SCC experiment chamber. 12

3 Schematic and electrical equivalent circuit of a dielectric 16
disk on the end of a cylinder in a vacuum chamber.

4 Potential profile of a sample of thermal control paint pre- 20
charged with 25 keV electrons at near normal incidence, before
and after EWR exposure #4805 at 11:37 on 3/22/79.

5 Transient current flow from the test body to the metal backing 22
of the fiberglass sample during EWR exposure #4805 at 11:37 on
3/22/79.

6 Surface potential profiles for a paint sample charged 10 min. 24
with 30 kV electrons.

7 Surface potential profiles for a paint sample charged 10 min. 25
with 30 kV electrons.

8 Teflon - Before and after photon shot 4812 and after time 26
delay.

9 Kapton voltage profile charged for 7 min. with 20 kV 27
electrons, before and after shot 4780 (horizontal traverses).

10 Kapton potential profile after charging for 7 min. with 20 kV 28

electrons, before and after shot 4780 (vertical traverses).

11 Solar Cell Glass - 5 min charge at 20 kV. 30

12 Space chargin limiting. 34

13 Measurements of transient current flow to and from identical 35
points on the same teflon sample exposed to nearly equal pho-
ton bursts with the sample (a) uncharged and (b) charged to
W = 11±1 kV.

14 Comparison of measured and calculated photoemission of paint 36
exposed to an EWR source, illustrating the significant
enhancement resulting from transverse fields sweeping low
energy electrons away from the precharged dielectric.

3



LIST OF ILLUSTRATIONS (Concluded)

Figure Page

15 Charge leaving substrate vs. dose. 38

16 Charge leaving substrate vs. pre-shot average voltage. 40

17 Charge leaving the test object vs. dose. 41

18 Charge leaving test object vs. pre-charged average voltage. 42

19 Charge leaving test object vs. charge leaving substrate. 43

20 Transient current record showing the prompt and delayed cur- 45
rent component.

21 Test object voltage (103 V/div) versus time (200 ns/div). 46

4



SECTION 1

INTRODUCTION

This report presents the data from an experiment on spacecraft

charging. The experiment consisted of exposing a test object covered with

satellite dielectrics to 5-30 keV electrons, then exposing the charged die-

lectrics to a short, intense pulse of photons (T - 1.2 keV) and measuring

the electrical response. In conjunction with this experiment MRC performed

another experiment which consisted of charging the dielectrics in a similar

manner, observing the charging characteristics, but then continuing charging

until the dielectrics discharged spontaneouly.

It is known that external dielectrics on satellites become charged

in space as a result of the natural radiation environment. It is also known

that x-rays will produce emission of electrons from the surface of these

dielectrics, creating a 5ystem jenerated electromagnetic pulse (SGEMP).

Theory says that this SGEMP response should be much larger from dielectrics

which have been charged before exposure to the photons. Exploding wire

radiator (EWR) exposures of an electron-precharged Skynet Qualification

Model satellite (Ref. 1) established that the SGEMP response was enhanced by

precharging either the thermal paint or solar cell covers, and that on one

occasion, a massive discharge of solar cell covers appeared to be triggered

by the EWR exposure. The present experiment was designed to study SGEMP

enhancement and discharge triggering under controlled and measured condi-

tions, to provide data for comparison with theoretical calculations and to

identify the causal parameters.

The results of the present experimemt have been partially pre-

sented in Reference 2, which is attached to this report as Appendix 1. The
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results of the simultaneous experiment on spontaneous discharges have been

presented in Reference 3. Those data will be mentioned here only in compar-

ison to the work with the photon pulses.

The EWR source produces a narrow (50-100 ns) fast riqetime

(-10 ns) pulse of photons from exploding aluminum wires, resulting in emis-

sion of low energy photoelectrons from the dielectric samples (Ref. 4,5).

This EWR source (OWL II at Physics International) has been used for prevfous

SGEMP experiments on simple objects (Ref. 6), on a structural model of the

Skynet satellite (Ref. 7) and on a simple model of a resonant structure

(Ref. 8).

6



I

SECTION 2

EXPERIMENTAL DETAILS

The exterior geometry of the test structure is indicated in Figure 1.

In all cases the dielectric samples were 82 cm in diameter, supported on an

85 cm diameter, 0.95 cm (3/8") thick Plexiglas disk. The samples were

mounted on the front of a 120 cm diameter by 51 cm long aluminum cylinder.

The dielectric materials investigated were:

(1) Back-surface silvered Teflon, 82 cm (32 in) in diameter, and

0.013 cm (0.005") thick stretched over the Plexiglas disk.

(2) Back-surface aluminized Kapton, 82 cm (32 in) in diameter,

0.013 cm (0.005 in) thick stretched over the Plexiglas disk.

(3) Silicon alkyd white thermal control paint approximately

0.013 cm (0.005 in) thick applied to an 85 cm diameter fiber-

glass disk, approximately 0.035 cm (0.014 in) thick, on a

segmented copper back plate. The segmented copper plate had

a 27 cm diameter central disk surrounded by segmented rings

(shown dotted in Fig. 1). This multi-layer structure was

cemented to the Plexiglas disk.

(4) A 50 cm x 50 cm array of 0.030 cm (0.012 in) thick MgF 2

coated fused silica solar cell cover slips obtained from

Optical Coating Labs, Inc. (OCLI). These slips covered cop-

per tape configured to electromagnetically simulate solar

cells, on a 0.035 cm thick fiberglass sheet supported on the

7
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Plexiglas disk. The array was composed of both 2 cm x 2 cm

and 4 cm x 4 cm cells. The spacing between cells (-,0.050
cm), conductor routing, and the interconnections of the cop-

per tape were designed to mimic actual solar panel geometry

as closely as possible.

Interconnect tabs on real solar cells are flat strips bent into

the shape of an omega (2), to provide strain relief, which causes a conduct-

ing hairpin to extend above the surface of the cell cover. This physically

small feature might appreciably alter the discharge characteristics of solar

cell cover arrays, as it introduces a conductor in the plane of the surface
charge. These interconnects were simulated over approximately ten percent
of the array with short pieces (-'1/8 in) of 0.050 cm (0.020 in) diameter
wire soldered to the copper tape between adjacent cell covers. Other areas

of the array were without simulated interconnect protrusions. No difference

was noted. Cell covers and copper tape were intentionally deleted from a

few portions of the array (1) to simulate areas near penetrations, and (2)
to provide a sufficient area to reliably measure fiberglass surface poten-
tial with an electrostatic voltmeter.

For comparison purposes, the range of a 30 keV electron is about
20 itn in plastic, the absorption depth of a 1 keV photon is 5 mai and that of

a 2 keV photon is 30 wn. The samples were all at least 125 wn thick.

The dielectric samples were surrounded by eight B or surface cur-
rent sensors (EG&G model CMLX3B) oriented to detect radial current flow

(schematically indicated in Fig. 1).

The magnitude and time history of spontaneous discharge were mea-

sured with EG&G B surface current probes, or by measuring currents from the
cylinder to the conducting substrates of the samples with Tektronix CT-2
current transformers. In the cover glass array and thermal control paint

samples, information about charge redistribution within the dielectric (as
opposed to blow-off and punch-through) was inferred from currents flowing

9



between the segmented metal substrates. These currents were also measured

with current transformers.

Fast transient data were transmitted to the recording instrumenta-

tion through HDL/ONA 400 MHz fiber optic data links, recorded on Tektronix
7912 transient digitizers, and processed on a PDP/1140 computer.

The test cylinder was connected to instrumentation ground through
a 50 k~a resistor chain. This kept the cylinder potentials to less than

0.5 V during charging at measured current densities of -10-9 A /cm2. How-

ever, the RC time constant of this resistor string and cylinder capacitance

to the tank (-240 pf) was calculated to be about 12 pjs, so the test struc-
ture was effectively isolated during spontaneous discharges and EWR photon

pulses, which generally last less than 0.1 vs (FWHM).

As shown in Figure 1, the front of the cylindrical test object was

surrounded by a square frame which supported small motors, pulleys and belts

(not shown) to drive a traverse carrying the probe of a TREK noncontacting

electrostatic voltmeter, a Faraday Cup, and an E sensor, over the surface of

the sample. The spatial resolution of the electrostatic voltmeter is esti-

mated to be t3 mm, and the Faraday Cup area was approximately 1 cm2 . TheE
probe was used as an oscilloscope trigger in spontaneous discharge studies.

Both the traverse frame and aluminum ring surrounding the dielectrics were
coated with colloidal graphite to (1) inhibit dielectric charging, and (2)
minimize photoelectron emission from the aluminum.

An expanded inset in Figure 1 indicates how the samples were held

in the cylinder. The samples, supported on 3/8 in thick plastic disks, were

inserted through the removable aluminum back of the test cylinder and

clamped in a ring cut in the back of the front face. Thus, the truly flat

samples (Teflon and Kapton) were recessed 0.25 cm (0.100 in) below the frontI

aluminum ring. The edge of the aluminum ring touching the dielectric had

been machined and finished using typical machine shop practice. The edge of
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this ring had been "broken", that is, the sharp edges from the cutting oper-

ation had been softened with a fine file or sandpaper to produce a corner

with a radius of curvature on the order of 0.025 to 0.050 cm (0.010 to 0.020

in).

Figure 2 shows the experiment's overall test geometry. The test

cylinder was suspended very nearly in the center of the 3 m diameter, 3.6 m

long vacuum tank. Since the object hung on nylon ropes from a rotary feed-

through, it could be rotated about a vertical axis passing through the cyl-

inder center, along a diameter "in situ" to point in any direction. Non-nor-

mal orientations permitted investigations of the effect on the surface

potentials of charging at non-normal angles. The vacuum chamber was lined

with two cylindrical layers of 200 il/square carbon-coated cloth to damp

chamber EM resonances. The dampers were nominally located at 80 and 90 per-

cent of the tank diameter, and were open at each end.

Photon time histories and shot-to-shot fluence variations were

monitored with four (300V) biased fast diodes previously discussed in Refer-

ence 5. These 50 i diodes were mounted near the back wall of the chamber

and were hardwired to Tektronix 7904 scopes with copper-jacketed 50 S2 coax-

ial cable. Two diodes were gold, one was glass, and one was paint. The

photoelectron emission of gold exposed to the EWR source has been studied by

MRC and others (Ref. 4). The glass and paint photodiodes served to define

the photoelectron emission relative to gold. Because these diodes were

located in the periphery of the electron gun emission pattern, it is not

likely that they reached the same surface potential as the test material

except in cases where the sample was charged for extended periods. Never-

theless, enhanced emission from precharged dielectrics was clearly observed.

During the course of the experiment, two 0-30 kV electron guns

were employed. These guns were located symmetrically on either side of the
EWR port. One was a flood gun, described in Reference 6, constructed for
DNA by IRT Corporation. Faraday Cup measurements indicated that this gun

i 11
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provided illumination which differed by less than a factor of two from the

center to the edge of the sample. Acceleration potential was determined by

floating the gun filament supply to a negative potential with respect to a

fine wire grid with a controlled high voltage supply. Gun current was regu-

lated with a feedback circuit which sensed gun emission current and modu-

lated the filament supply power. The other (rastered) gun was constructed

by MRC/SD and was designed to illuminate the sample with a small diameter

(-2 cm diameter) spot. This gun was constructed from an electrostatically

focused and deflected cathode ray tube gun. Potential and current were con-

trolled as with the flood gun. For equal total gun current, the instantan-

eous beam current density was approximately 1600 times larger in the focused

beam as it swept across the sample. Comparable potential distributions were

produced with comparable total electron fluences from either gun on all four

materials. This indicates the charge build-up is not particularly sensitive

to instantaneous beam current densities over a range from approximately

10- 1 A/cm2 to -10-  A/cm.

The chamber was evacuated with a liquid nitrogen trapped silicone

oil diffusion pump and a mechanical roughing pump. In addition there was a

liquid nitrogen cold wall in the tank. The tank pressure normally ranged

from about 2 to 5 x 10-6 torr. Rapid discharge (approximately 103 volts/s)

of all charged insulators was observed at -2 x 1 0
- 4 torr. This discharge

was accompanied by a flash of light and a temporary reduction in pressure.

From Paschen's gas discharge curve, one would expect rapid discharge of sur-

faces charged to _I04 V and separated by more than 10 cm at approximately

2 x 10- torr. At pressures below -1 x 10 - 4 , it was determined for that

samples charged to 10 to 16 kV, the sample potential decayed at a rate of 20

to 70 V/min. Assuming the principal charge loss mechanism was conductivity

through the sample as opposed to air ionization, we inferred bulk resistiv-

Ities of I017 to 1018 ohm-cm for Kapton and Teflon, and 10 16 to 1017 ohm-cm

for paint and cover glasses. However, as we showed in Reference 3, these

conductivities are dependent on charging conditions and time after the end

13



of electron exposure, even though the conductivity is beyond the electron
"range".

A 1 m diameter gate valve separated the EWR source from the test

chamber between shots, when the source chamber was vented to change wires.

A 70 percent transmitting copper screen and .002 cm Kapton debris shield

protected the test chamber vacuum from the pressure pulse in the source

chamber which accompanies the photon pulse.

The test chamber was continuously monitored. Occasionally, the

debris shield was ruptured or punctured at shot time and the chamber pres-

sure would rise to -3 x 10- 4 torr. On shots where the debris shield

retained integrity, the pressure never exceeded 3 - 5 x 10- 5 torr. A com-

parison of the pre-to-post shot potential (charge) profile was considered

valid only when the pressure remained below 1 x 10- 4 torr. However, even

when the debris shield was compromised and the pressure ultimately exceeded

10- 4 torr, the fast transient data is still valid since the measurements

were completed (-100 ns) long before the sample was exposed to the pressure

surge (-1 ms).

Samples were handled with gloves with more-than-normal care, but

were unavoidably exposed to laboratory atmosphere for several weeks prior to

testing. Close, careful visual examination of the reflecting Kapton samples

after several days of tests revealed traces of vacuum pump oil. Subse-

quently, all samples were washed with reagent grade ethyl alcohol after

installation and before pumpdown.

Summarized briefly, the experiment went as follows: electrons

from the electron gun are buried a short way into the dielectric. As charge

continues to accumulate, the potential at the front surface rises, as does

the field between the embedded charge and the metal substrate. If the

charging continues long enough, the dielectric will discharge spontane-

ously. Before that happened, we exposed the charged dielectric to the x-ray

14



pulse. The x-rays produce some "primary photo-electrons" in the 0-2 keV

range, which in turn produce large numbers of "secondary electrons" in the

0-50 V range. These electrons then can leave the test object, i.e., "blow-

off", or rearrange themselves on the test object. This charge motion is

what generates the SGEMP signal.

Figure 3 represents the electrical equivalent circuit of this

experiment, where node 1 is the trapped electron charge layer, node 2 is the

metal film on the back of the dielectric, node 3 is the test cylinder and

node 4 is the vacuum chamber. Current generator 1 2 represents a "punch-

through" current through the dielectric sample. 113 represents the charge

transfer from the dielectric to the test cylinder ("edge" current). I 14

represents "blow-off" from the dielectric to the vacuum chamber walls. 134

represents charge emission from the tes: cylinder to the vacuum chamber

walls. 123 is the current between back plate of the sample and the test

cylinder, actually measured with a Tektronix CT-2 sensor and is influenced

by blow-off, edge, and punch-through currents. 123 will later be referred

to as Itotal. Vout, 0.1% of the voltage of the test cylinder above the

vacuum chamber, is proportional to blow-off currents, 114 and 134, minus the

punch-through current scaled down by the capacitance ratio (C14 + C3,)/C,2.

Distinguishing between charge emitted to infinity (blow-off) and charge

which is returned to the body is very significant because the coupling or

ability to produce SGEMP by blow-off is much greater than by flash-over or

punch-through.

The indicated capacitances are self-explanatory. They are esti-

mated to be: C1 3 - 40 pf, C14 - 100 pf, C34 -60 pf. C12 is estimated to be

around 70 nf for Teflon and Kapton, 20 nf for paint and 15 nf for glass.

From the equivalent circuit, we determine the following equations

relating the currents and capacitances:

15
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Node 1: VI (CL2 + Ci 3 + C1 4) + V3 (-C12 - C1 3)

I12 + 1 13 + 1 14

Node 2: V I (-C1 2) + V3 (C12 ) - 123 = -1 12

Node 3: VI (-C 13) + V 3 (C 13 + C34 ) + 1 2 -113 + 134

(note that V2  V3)

The change in V3 (later referred to as Vbody) was recorded by a Tektronix

7904 oscilloscope. The change in (VI - V3) can be determined by comparing

TREK potential profiles before and after discharge (where available). As

noted above, 123 was measured directly and called ItotalI

17
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SECTION 3

EXPER IMENTAL RESULTS

The data for each material can be divided into two categories: (1)

potential profiles (taken with the TREK non-contacting electrostatic volt-

meter to determine the charged condition of the sample), and (2) fast tran-

sient digitizer computer plots (from Tektronix 7912 digitizers) and oscillo-

scope pictures of the transient reponse Of Vbody.

3.1 POTENTIAL PROFILES

Through all stages of the experiment, the TREK probe was used to

sweep across the samples to give an idea of where and how much charge was
distributee on the dielectric surface. An effort was made to determine the

condition of the entire sample before and after photon exposures. These

amounted to what we refer to as "picture frames": sweeps near the top, near

the bottom, near the left side, near the right side; or "Tic-tac-toe pat-
terns": "picture frames" plus a sweep across the horizontal center line and

vertical center line. A tic-tac-toe pattern leaves squares around 20 cm by

20 cm uncovered, but since each sweep took one minute or more, the sample

could have changed significantly from the beginning to the end of a pattern

if any more sweeps had been included. The voltmeter averages over an area

of about 3 mm radius. The location of the sweep is accurate to within
1:±5 mm. The scale locating the probe along the sweep is uncertain to -5%.

This uncertainty is largely due to our computer digitizing process and can

be compensated for by merely shifting sections of the traces when comparing

18



An effort was made to observe the status of the potential on the

samples during the charging process. This effort has been reported in Ref-

erence 3.

It had been hoped before the test series, that the potential pro-

files before and after the photon exposures could be compared, the amount of

charge which had left the surface of the sample determined, and that charge

compared with the charge transfer recorded as transient signals. Unfortu-

nately, this could not be accomplished because the time between the last

sweep and the photon shot was large (15-60 min), allowing for substantial

charge leakage in the interim, while the charge moved by the photons was

quite small. Nonetheless, we gained considerable useful information from

the potential profiles.

For example, Figures 4a and 4b show a three-dimensional represen-

tation of the measured potential (charge) profile on the paint sample before

and after OWL 11 shot #4805 executed at 11:37 on 03/22/79. The average

potential profile before the shot is 16t1 kV with peak potentials of 20 kV.

The average potential after the shot is 12.5±1 kV with peak potentials of

16 kV. This sample had been charged with 25 kV electrons at nearly normal

incidence. Notice that the potential (charge) profile has considerable

structure. Although this short range structure is characteristic of the

sample rather than the source and was observed for all sample types, it is

only partially reproduced on successive charging. The structure is appar-

ently representative of differences in deposited charge rather than differ-

ences in capacitance of the sample, since the thickness of the samples are

quite uniform and presumably constant with time. This leads us to believe

that it is due to either differences in conductivity through the sample, or

in secondary emission coefficients. We can imagine that either of these

could change with each discharge of the sample, whether induced by photons,

a pressure increase, or spontaneously induced. Reference 10 shows how the

charging characteristics of Teflon were significantly altered by a dis-

charge.

19
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The pre-shot profile in Figure 4 was taken 55t5 min before the

shot. The post-shot profile was taken between 5 and 10 min after the shot.

For 30 min immediately after the pre-shot profile measurements, the poten-

tial at one selected point was monitored. From this measurement, we found

the potential leaked away at a rate of 70t5 V/m. The measured capacitance

from the sample surface to the metal backplate is approximately 20 nf. The

pre- and post-shot voltage profiles indicate a net charge loss from L = CAV

of 2 x 10-8 x 4 x 103 = 80 vC, which is almost entirely accounted for by the

static charge loss AQ = C dV/dt At = 20 nf x 55 V/min x 55 min - 80 C.

Successive traverses over the same area show that the potential sags fairly

uniformly. This is what one would expect, since except for a band approxi-

mately 1 mm thick around the periphery of the sample, the field is primarily

directly through the thin dielectric. Under these circumstances, the poten-

tial loss rate implies dielectric (paint and fiberglass resistivity) of p =

VA/Cd(AV/At) - 5 x 1016 ohm cm. Figure 5 is a composite of the measured

transient currents to the backplate during the shot. The integral of these

currents is

AQ= I(t)dt = 1.5 IC.
0

Furthermore, these measured currents include both the charge that flows from

the dielectric to the metal test object as well as the charge blown off to

infinity. One can infer the fraction of charge blown off from the potential

obtained by the test object. In this particular case, the test object rose

to approximately 1 kV, which implies that only Q = CAV = 0.24 PC actually

escaped the test object.

Finally, notice that the potential minimum noted prior to the

exposure (see Fig. 4a) is definitely absent after the EWR exposure. This is

one of numerous examples of charge redistribution. In this particular case,

a charge transfer of -1.6 XC is required to change the potential of a 10 cm

wide valley by -4 kV.
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It is worth mentioning that during the course of the experiment

there occurred charge transfers of up to 500 PC during spontaneous dis-

charges. However, for this geometry, at most approximately 3 .C could be

discharged to the vacuum chamber walls (blown off) because the removal of

that amount of charge would raise the body potential to such an extent that

no further charge could be expelled. The rest of the charge had to move

from one portion of the test object to another.

Figures 6 and 7 show the profile before and after the next photon

shot, #4806, respectively. In Figure 6, the flat tops at 20 kV represent

the maximum TREK range, but we can easily interpolate to get a reasonable

estimate of the condition of the sample before the shot. After the shot, we

see that in the center of the sample the potential has dropped -4 kV more

than the general voltage sag, over an area =30 cm in diameter. This repre-

sents =30 4C of charge leaving the sample. But the transient measureents

only indicate -1.5 pC leaving the sample, with -300 nC leaving the test

object. Evidently the rest of the charge either went through the sample as

a punch-through, or left before or after the the sweep of the instrinents

(-2 ps), or left slowly, with small currents for long times.

Figure 8 shows that photon shot #4812 had littlo offect on the

Teflon sample. The transient signals indicate -500 nC moved froi thi samplP

to the test object, and 80 nC left the test object. Note that a small val-

ley at x = 22 cm becomes a peak after the shot and then becomes a local min-

imum again 20 minutes later. This effect appears to be outside the range of

the probe position uncertainty if the lateral structure perpendicular to the

sweep direction is comparable in size to that measured along the trace

(-2 cm).

Figures 9 and 10 give another example of a photon shot which pro-

duced an insignificant change in the potential on the sample. In this case

the material was Kapton, and the shot moved 220 nC, most of which probably
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left the test object. That amount of charge would only change the potential

of the surface of the sample by a few volts compared with the test object,

but it did raise the potential of the test object by -1 kV at the time of

the shot.

We have included Figure 11 as an example of the potential profile

for the solar cell cover glass panel. This figure gives an idea of the

enormous amount of structure achieved on the panel . Between each cover

glass there was a small 0.05 cm (0.020 in) exposed area of grounded copper

tape, and surrounding the cover glasses was an area of fiberglass. As can

be seen especially in Traverse 513, the fiberglass generally charged to con-

siderably higher potential than the cover glasses. This was in part 1tecau~e

the glass began having frequent spontaneous discharges at above 9 kV.

This solar panel "mock-up" was made to substantiate a model which

is still in consideration to explain the "triggered" discharge on the Skynet

Qual Model satellite. The hypothesis goes as follows:

"In the previous test on Skynet Qualification Model,

electron precharging produced a potential profile with

several gradients. Solar cells remained at or near

ground potential, cover glass surfaces climbed to 10-
12 kV before they spontaneously discharged; but fiber-

glass or thermal control paint in the vicinity of the

solar cell cover glasses may have reached potentials in

excess of 20 kV. The surface potential of the Qual

Model was not measured extensively because the object

was geometrically too complex. When the EWR burst

occurred, charge was emitted from all exposed surfaces.

Some charge was driven to infinity, some charge was

collected by nearuy low potential conducting surfaces,

and some charge was transferred from the local high
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potential (V > 13 kV) fiberglass to the comparatively

low potential (V -9 kV) coverslip. The exposed inter-

connects in a solar cell array are miniscule (10- 2 cm 2 )

compared to the exposed area of the glass surfaces (4 to

16 cm2). From measurements previously described, we

know photocurrents of up to 10-2 A/cmL were emitted by

EWR exposure, and only 10 to 20 percent actually escaped

the body, the remainder returning to the object. Conse-

quently, it is reasonable to hypothesize that a signfi-

cant fraction of the charge emitted from the precharged

dielectric surrounding and interspersed with the cover

glass was collected on the glass. During the event,

while the cover glasses and substrates were immersed in

a sea of free charge, the potential gradients were

insufficient to cause spontaneous discharge. However,

as the sea of free charge dissipated, the coverslips

found themselves charged to potentials greater than that

required for spontaneous discharge. Enhanced emission

from a precharged object set up conditions which cannot

be induced by precharging alone. Such a hypothesis pro-

vides a feasible explanation for the singular but well

documented triggered discharge observed in the Skynet

tests (Ref. 8). It suggested that the failure to repro-

duce this effect in the most recent test series may be

due to having an incorrect mix of high and low potential

dielectrics, and furthermore suggests that the poten-

ially serious triggered discharges might be controlled

)y minimizing the amount and/or proximity of high poten-

tial dielectrics in the vicinity of the solar array."

(Ref. 2)
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Although later calculations have modified many of the details of

this model, the fundamental concept of charge liberated from a highly

charged dielectric being deposited on a less negatively charged dielectric

and overstressing the latter to breakdown, is still considered to be a

likely explanation for the observation on the Skynet Qual Model.

3.2 TRANSIENT SIGNALS

On each photon shot, there were two primary transient measurements

of interest: the current flowing between the substrate beneath the dielec-

tric and the test object (Itotal) and the change in voltage of the test

object (Vbody). The latter is proportional to the charge which left the

body (blow-off): AQ = CAV, where C is the capacitance between the test

object and the vacuum tank.

As the photons strike the dielectric, they lose energy to the

release of photo-electrons. These electrons are referred to as "primary"

electrons, and are born with energies close to the energy of the initial

photons (1-2 keV). At most one primary electron is released for each pho-

ton. As the primaries pass through the dielectric they lose energy, so that

the primary electrons emitted from the surface have a spectrum of energies

from the photon energy down. As the primaries pass through the dielectric,

the energy loss mechanism at work on them is that they in turn release "sec-

ondary" electrons with energies of 50 V or less. The "secondaries" born

within a very short distance of the surface may escape the surface. The

number of secondaries emitted from the surface can be large compared with

the number of primaries emitted. Once outside the dielectric, the elec-

trons, both primary and secondary, feel the influence of the positive image

charges they left behind, and are attracted back toward the surface. If

there is an external field outside the dielectric tending to draw the elec-

trons away from the surface, then some of the electrons will be drawn away

and some will return to the surface. The maximum current which can be drawn
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away from the surface is a function of the external field at the surface.

This limitation of emission current is known as "space-charge limiting"

(Fig. 12).

Clearly one would expect that the photocurrent from a dielectric

would be much larger if that dielectric was charged to some large negative

potential before exposure to the photons than if it was uncharged. This

indeed was found to be true in all cases. Figure 13 gives an example of the

emission (Itotal) from an uncharged Teflon sample and the same sample pre-

charged to -14 kV. Both were exposed to very similar photon pulses.

To compare these results for enhanced emission with theory, the

measured instantaneous emission current density (for EWR shot #4806,

03/22/79) from a paint sample which had been precharged to 19±I kV by nor-

mally incident 30 kV electrons is shown in Figure 14. Also shown on this

figure are three theoretical predictions resulting from a two-dimensional

self-consistent particle-pushing code (SEMP).

For these calculations, a grid spacing of I cm was used, but the

dielectric constant was increased (-16X) to maintain the correct charge-to-

substrate capacitance (Ref. 9). The photoelectron spectral distribution was

given the form N(E) - kE exp(-E/Eo).

The curve marked "No Precharge" is photoemission one would expect

from an uncharged paint dielectric exposed to an EWR spectrum of the same

flux and time history as Shot #4806. The other two calculations were pro-

duced by a model which incorporated a close approximation of the measured

potential profile, photon time history, and two photoelectron spectra. The

curve labeled "High Energy" used the commonly employed approximation that

only primary electrons with energies greater than a few hundred volts can

escape the object while all secondaries are returned to the sample. The

third curve, labeled "Low Energy", adds in the low energy (Ei - 50 eV) or

secondary electrons, which would be returned to the object by the space
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charge barrier, were the dielectric initially uncharged. The relative num-

ber of high and low energy electrons was experimentally indicated from

biased diode measurements. These calculations predict a threefold emission

enhancement as a result of precharging even if low energy electrons are sup-

pressed, and a thirtyfold enhancement when low energy electrons are

accounted for. The relationship between experiment and theory clearly indi-

cates low energy electrons contribute significant current when the object

has been precharged.

It should be emphasized that photocurrents of low energy electrons

result from lateral charge transfer under the influence of tangential fields

near the metal-dielectric boundaries. By this mechanism electrons with

insufficient energy to surmount the space charge barrier are nevertheless

emitted along trajectories with small normal and large tangential compo-

nents. Some of these entirely escape the object, but most return to the

test object or satellite, which was driven positive by the amount AV =

AQ/C,, where 6Q is the charge blown off and C. is the object's capacity

to infinity (the tank walls). The calculations show these charges may

return far from their point of origin.

According to the theory, both the charge which leaves the sample

and the charge which escapes the test object should be increasing functions

of both the precharge voltage and the dose of photons. Unfortunately, the

data do not support this idea very well. Figure 15 shows the charge which

was measured leaving the substrate plotted as a function of dose (measured

with thermoluminescent detectors (TLD's) and cross-checked with x-ray

diodes), with the precharge voltage given next to each data point.

There is a trend towards a dose dependence, but the trend is far

from simple. We suggest that this variability is not due to uncertainties

in the measurements so much as other parameters which were not documented.

Culprits might include: ageing of the samples, previous spontaneous dis-

charge history, details of the charging process like current density and
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energy of the beam, or build-up of contaminants on the sample surface (which

was noted at least once during the test sequence). Nonetheless, it is true
that the four shots on paint done while charged to 19 or 20 kV show a defi-

nite increase in emission with increasing dose. Figure 16 displays the same

data the other way around - vs. voltage with dose after each data point.

Here we see again a suggestion of an increasing function, but some points

seem quite out of place compared with others.

Figures 17 and 18 show equivalent plots for the charge which

escaped the test object vs. dose and pre-shot average voltage. Again, func-

tional dependences are elusive. We should mention, though, that three paint

shots stand out as having considerably more emission (450-600 nC) at rela-

tively low pre-shot voltages (8-13 kV). These three shots were taken on the

first day of the test sequence, nearly a month earlier than all the other

paint shots. We find no evidence of any change in the experimental configu-

ration, but it seems clear there was something different that day, possibly

some difference in the preparation of the surface of the sample.

One might suppose that even though the substrate charge and the

test object charge don't bear a simple relationship to voltage and dose,

still they might bear a simple relationship to each other. Figure 19 shows

that this is not obvious. Again we see the three paint shots stand out.

Note that the 450 line indicates points for which all the charge which left

the sample also left the test object.

Note on error bars on Figures 15 through 19: the error bars on

the figures do not indicate the experimental uncertainties in the ordinary

sense, rather they represent the range which actual measurements covered.

For the charge leaving the test object, the measurement uncertainty was

t250 V, while the capacitance was uncertain to -±25%. The pre-shot voltage

would typically vary by 2-3 kV over the area of the sample. The substrate
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current measurement accuracy was limited by the non-linearities and non-

reproducibility of the fiber-optic links, which is very difficult to esti-

mate, even after calibrating. The dose measurement was provided by Physics

International, from TLD measurements. While these TLD's were rated at 10%

accuracy, calorimeters were used as back-up, and there were inconsistencies

between these two measurements of 30%.

3.3 DELAYED SGEMP EMISSION

On Figures 15 through 19, there are two points which are marked

with an asterisk (*). These points represent shots where there occurred a

delayed emission of charge from the test object. Figures 17 and 18 show

that at the end of the shot -200 nC had been emitted, then within I ps,

another 800-1000 nC were released.

Figure 20 shows the measured response of thermal control paint,

precharged to about 19 kV. In addition to the normally observed prompt pho-

toemission, this sample shows a component of current both in the substrate

and in the body current lasting for -500 ns and delayed 100 to 200 ns from

the photon pulse. This delayed current was also evidenced by the test

object potential. Figure 21 compares the body potential for two consecutive

nearly identical exposures. No delayed emission was observed for the former

(Shot #4806). The test body potential increased in less than 100 ns to

approximately I kV and decayed at the 10 ps RC time constant. The body

potential for Shot #4807 also rapidly increased to approximately 1.5 kV, but

then continued to increase during the emission of the delayed component.

This implies that an additional 0.96 iC was emitted and that it did not

return to the body.

The characteristics of these two events were quite different than

the events observed by van Lint, et al., (Ref. 1), which was much larger,

faster and earlier, relative to the prompt signal. Nonetheless we cannot
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rule out the possibility that these events represent another manifestation

of the infamous "triggered discharge". We observe that these events hap-

Ipened following a large dose (though not the largest) when the sample was
charged to nearly the highest voltage.
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SECTION 4

SUW ARY

1. Surface potentials in excess of 15 kV can be sustained by Kapton, Tef-

lon, paint, and fiberglass; with gradients of 106 V/m (at edges). Con-

siderable fine-scale structure was noted. Observed potential decay

rates are consistent with typical dielectric resistivities of 1016 to

1018 ohm cm. Spontaneous discharges and photo-induced charge transfers

on the order of 2 X were common, as compared to blow-off transfers of

approximately 0.2 PC. Numerous examples of radiation-induced charge

redistribution were noted.

2. Enhanced prompt SGEMP response was noted for all samples. These emis-

sions approximately followed the time history of the photon pulse, but

with an amplitude 5 to 20 times larger than the uncharged sample. This

observation is quantitatively explained and is attributed to the lat-

eral transfer of low energy electrons under the influence of previously

existing fields.

3. Contrary to the Skynet Qualification Model observations, no "triggered

discharges" were observed in this series. However, on two occasions

the paint sample exhibited an anamolous delayed component of current

lasting -500 ns. This was noted in both the substrate-to-body current

and between the sample and vacuum chamber implying net charge loss from

the body rather than just charge transfer on the object.
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4. Solar cells, regardless of size (2x2 or 4x4 cm) or thickness (0.006 or

0.012 in) spontaneously discharged at approximately 9±1 kV (e-gun volt-

ages of 11 to 12 kV). These discharges showed considerable variation

in nature and magnitude from less than 1 PC to much more than 10 wC.

5. Measurements of charge profiles on solar panel structures demonstrated

that the potential above fiberglass around the edges typically exceeds

the coverglass potential by approximately 60 percent. A qualitative

explanation of the previously observed triggered discharge is that it

results from photo-induced charge flow from the fiberglass to the cov-

erslip, followed by a process indistinguishable from spontaneous dis-

charge.
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THE EFFECT OF ELECTRON PRECIARGING ON SGEMP RESPONSE OF INSULATORS*
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1. Introduction Carbon

The effects of low energy (5 to 30 keY) electron
precharging on the SGEMP response of several common Cross-Section of
satellite materials exposed to photons from an exploding Sample Mounting
wire radiator (EWR) are reported here. The EWR source 6 Sensors Technique
produces a narrow (50-100 ns) fast risetime (- 10 ns)
low photon energy (f - 2 keV) pulse which resultsin low TREK
energy photoelectron emission. ,2 This EWR source has Electro-
been used for previous SGEMP experiments on simple ob- static
jects,

3 
on a structural model of the Skynet satellite' Probe

and on a simple model of a resonant structure.' EWR Faraday
exposures of an electron precharged Skynet Qualification Cup & .
Model satellite' established that the SGEMP response was Sensor on
enhanced by precharging either the thermal paint or solar Traverse
cell covers, and that on one occasion, a massive discharge
of solar cell covers appeared to be triggered by the EWR .est C..ylin
exposure. Test Cylinder

1.2 m Diam Cyli der

The present experiment was designed to study SGEMP _'PaeintLo 0.5 m L

enhancement and discharge triggering under controlled Sa .82 I Diam Sam le

and measured conditions to provide data for comparison
with theoretical calculations to identify the causal
parameters./

In Section 2 we describe the experiment in suffi-
cient detail to establish experimental uncertainties and
lend credence to our inferences. In Section 3 we pre-
sent selected examples of experimental observations.
Section 4 is a summary of the results.

2. Experimental Details

The exterior geometry of the test structure is in-
dicated in igure 1. In all cases the dielectric samples
were 82 cm in diameter supported on an 85 cm diameter, Figure 1. Picture of 1he test body showing traverse,
0.95 cm (3/8") thick plexiglass disk. The samples were Sample and B sensors. Insert shows the way
mounted on the front of a 120 cm diameter by 51 cm long the sample was attached to the test body.
aluminum cylinder. The dielectric materials investigated
were: routing, and the interconnections of the copper tape were

designed to mimic actual solar panel geometry as closely
(1) Back-surface aluminized kapton, 82 cm (32 in) in as possible.
diameter, 0.013 cm (0.005 in) thick stretched over the
plexiglass disk. For comparison purposes, the range ofa30keV elec-

tron is about 20 .m in plastic, the absorption depth of
(2) Back-surface silvered teflon, 82 cm in diameter, and a I keV photon is 5 um and that of a 2 keV photon is 30 um.
0.013 cm thick stretched over the plexfglass disk. The samples were all at least 125 4m thick.

(3) Silicon alkyde white thermal control paint approxi- Interconnect tabs on real solar cells are flat
mately 0.013 cm thick applied to an 85 cm diameter fiber- strips bent into the shape of an omega (Q), to provide
glass disk approximately 0.035 cm (0.014 in) thick on a strain relief, which causes a conducting hairpin to ex-
segmented copper back plate. The segmented copperplate tend above the surface of the cell cover. This physi-
had a 27 cm diameter central disk surrounded by segmented cally small feature might appreciable alter the discharge
rings (shown dotted in Figure 1). This multilayerstruc- characteristics of solar cell cover arrays, as it intro-
ture was cemented to the plexiglass disk. duces a conductor in the plane of the surface charge.

These interconnects were simulated over approximately
(4) A 50 cm x 50 cm array of 0.030 cm (0.012 in) thick ten percent of the array with short pieces (_ 1/8 in)
MgF2 coated fused silica solar cell cover slips. These of 0.050 cm (0,020 in) diameter wire soldered to the
slips covered copper tape configured to electromagneti- copper tape between adjacent cell covers. Other areas
cally simulate cells, on a 0.035 cm thick fiberglass of the array were without simulated interconnect protru-
sheet supported on the plexiglass disk. The array was sions. (No difference was noted.) Cell covers and cop-
composed of both 2 cm x 2 cm and 4 cm x 4 cm cells. The per tape were intentionally deleted from a few portions
spacing between the cells (_0.050 cm), conductor of the array, (1) to simulate areas near penetrations,

and (2) to provide a sufficient area to reliably measure
fiberglass surface potential with an electrostatic volt-

*Work performed under Defense Nuclear Agency Contracts meter.
DNAO01-77-C-0009 and DNAO01-78-C-0269.
**Mr. Fromme is now at Lawrence Livermore Laboratories, The dielectric samples were surrounded by eight

Livermore, California. EG&G CMLX3B B or surface current sensors oriented to
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detect radial current flow (schematically indicated in
Figure 1).

The magnitude and time history of spontaneous dis- 
EWR

charges and SGEMP emissions were measured with EG&G A
surface current probes, or by measuring currents from the
cylinder to the conducting substratesofthe sampleswith Debris ....
Tektronix CT-2 current transformers. In the cover glass Shield'--t
array and thermal control paint samples, information a- _ Valve
bout charge redistribution within the dielectric (as op- Vi wing Ports /iber Optics &
posed to blow-off or punch-through) was inferred from ng octrical Feed-
currents flowing between the segmented metal substrates. throughs
These currents were also measured with current transformers. (24 ea)

it h4 i w - / \atere
Fast transient data was transmitted to the record- Cold \ \Iing instrumentation through HDL/DNA 400 MHz fiber optic I{ Walli Rastered'.

data links recorded on Tektronix 7912 transient digitiz- Flood / 
\  

Gun
ers and processed on a POP/1140 computer. J - 

. Gun /.i

The test cylinder was connected to instrumentation
ground through a 50 k0 resistor chain. This provided
cylinder potentials of less than 0.5 V during charge at 12ft

measured densitiesof-lO' A/cm
2
. However, the RC time -

constant of this resistor stri7g and cylinder capacitance ,
to the tank (_ 240 pf) was calculated to be about 10 _s,
so the test structure was effectively isolated during , Dampers
spontaneous discharges and EWR photon pulses which are .,".. lOft
generally less than 0.1 Is (FWHM).

As shown in Figure 1, the front of the cylindrical h d
test object was surrounded by a square frame which sup-
ported small motors, pullies, and belts (not shown) to
drive a traverse carrying the probe of a TRECK non- Access
contacting electrostatic voltmeter, a Faraday cup, and - nor
an E sensor over the surface of the sample. The spatial -- Pump &
resolution of the electrostatic voltmeter is estimated Gauge
to be t3 mm, the Faraday cup area was approximately I cm-.
and the t probe was used as an oscilloscope trigger in
spontaneous discharge studies. Both the traverse frame
and aluminum ring surrounding the dielectrics were coat- Figure 2. Top view of 'he SGEMP/SCC experlrient chamber.
ed with colloidal graphite, to (1) inhibit dielectric
charging, and (2) minimize photoelectron emission from (Reference 1). The glass and paint photodiodes served
the aluminum, to define the photoelectron emission relative to gold.

Because these diodes were located in the periphery of
An expanded inset in Figure 1 indicates how the sam- the electron gun emission pattern, it is not likely that

pies were held in the cylinder. The 3/8 in thick plas- they reached the same surface potential as the test ma-
tic support disks were inserted through the removable terial except in cases where the sample was charged for
aluminum back of the test cylinder and clamped in a ring extended periods. Nevertheless, enhanced emission from
cut in the back of the front face. Thus, the truly flat precharged dielectrics was clearly observed.
samples (Teflon and Kapton) were recessed 0.25cm (0.100 in)
below the front aluminum ring. The edge of the aluminum The tank was lined with two cylindrical layers of
ring touching the dielectric had been machined and fin- 200 ohm/sq carbon-coated sail cloth damper to suppress
Ished using typical machine shop practice. The edge of tank wall photoemission and damp tank EM resonances. The
this ring had been "broken," that is, the sharp edges dampers were nominally located at 80 and 90 percent of
from the cutting operation had been softened with a fine the tank diameter, and were open at each end.
file or sandpaper to produce a corner with a radius of
curvature on the order of 0.025 to 0.050 cm (0.010 to During the course of the experiment, two 0-30 kV
0.020 in). electron guns were employed. These guns were located

symmetrically on either side of the EWR port. One was
Figure 2 is a representation of the experiment's a flood gun, previously described in Reference 3, con-

overall test geometry, The test cylinder was suspended structed for DNA by IRT Corporation. Faraday cup meas-
very nearly in the center of the 10 ft diameter, 12 ft urements indicated that this gun provided illumination
long vacuum tank. Since the object hung on the nylon which differed by less than a factor of two from the cen-
ropes froma rotary feedthrough, it could be rotated about ter to the edge of the sample. Acceleration potential
a vertical axis passing through the cylinder center, along was determined by floating the gun filament supply to a
a diameter "in situ" to point in any direction. :Ion- negative potential with respect to a fine wire gridwith
normal orientations permitted investigations of the ef- a controlled high voltage supply. Gun current was regu-
fect on the surface potentials of charging at non-normal lated with a feedback circuit which sensed gun emission
angles. Photon time histories and shot-to-shot fluence current and modulated the filament supply power. The
variations were monitored with four (300Y) biased fast other (rastered) gun was constructed by MRCISD and was
diodes previously discussed in Reference 2. These 50 n designed to illuminate the sample with a small diameter
diodes were mounted near the back wall of the chamber and (_ 2 cm diameter) spot. This gun was constructed from
were hardwired to 7904 scopes with copper-jacketed 50 Q an electrostatically focused and deflected cathode ray
coaxial cable. Two diodes were gold, one was glass, and tube gun. Potential and current were controlledaswith
one was paint. The photoelectron emission of gold ex- the flood gun. Acceleration was achieved by controlling
posed to the EWR source has been studied by MRC and others the bias between two hemispherical baskets surrounding
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the gun and concentric with the final deflection plates. /'
For equal total beam currents, the current densityin the I
beam of the rastered gun was - 1600 times greater than . 'l\(12
from the flood gun. A limited comparison on each of the 160 1 ."
four sample types did not indicate any startling dispar- f - ' F
ities in the ratio of surface potential to gun accelera- P 48)( 1 t

tion voltage. Thatis, there were no obvious rate effects. , 2,1 G 10

A liquid nitrogen-cooled annular copper ring surrounded 
8

1 . i. 1 , I I (a)

the exposure port. A 1 meter diameter gate valve sepa- - 12 V 6
rated the EWR source chamber from the test chamber be- I 610 4
tween shots, when the source chamber was vented to change42
wires. A 70 percent transmitting copper screen and 2 K
0.005 inch mylar debris shield protected the test cham- >
ber vacuum from the pressure pulse in the source chamber

which accompanies the photon pulse.

The pressure in the test chamber was typically

4.Ot0.5x10
6 

torr prior to a shot. From numerous meas- PRE-SHOT

urements, we determined that after charging the dielec-
tric to 10 to 16 kV, the sample potential decayed at a

rate of 20 to 70 V/min at pressures below IxlO
-4 . 

As- 14
suming the principal charge loss mechanismwas conductivity 1 14'
through the sample as opposed to air ionization, one would 14, ) 0 14

infer bulk resistivities of 1017 to 1018 ohm cm for kap- , - (b)

ton and teflun, and i1 6 
to 1017 for paint and cover 0 J

glasses. These values are consistent with the range of 16
values offered in material properties handbooks. Several 6 4V 4
times we intentionally increased the pressure in the test 4 8 2 X
chamber by closing the gate valves and warming the cold 2 6t
wall, and found that the decay rate was apparently insen-

sitive to p'essure below 2xlO
-4 

ind was erratic but rapid 2

(about 103 V/s) at greater pressures. From Paschen's gas
discharge curve, one would expect rapid discharge of sur- POST-SHOT

faces charged to - 1O
4 
V and separated by more than 10

cm at approximately 2xIO
"4 

torr.

The test chamber was continuously monitored. Occa- Figure 3. Potential profile of a sample oi thermal con-
sionally, the debris shield was ruptured or punctured at trol paint precharged with 25 keV electrons

shot time and the chamber pressure would rise to - 3xlO
4  

at near normal incidence, before and after

torr. On shots where the debris shield retained integ- EWR exposure.

rity, the pressure never exceeded 3-5xl0
-5 

torr. A com- The measured capacitance from the sample surface to the
parison of the pre-to-post shot potential (charge) profile metal backplate is approximately 20 nf. The pre- and
was considered valid only when the pressure remained post-shot voltage profiles indicate a net charge loss

below 1x1O
"4 

torr. However, even when the debris shield from AO-QCAV of 2x10
"8 

. 3x1O
3 
= 60 wC, which is almost

was compromised, and the pressure ultimately exceeded entirely accounted for by the static charge loss

10
-4 

torr, the fast transient data is still valid since 6Q 
= 
C dV/dt At = 20 nf x 55 V/min x 55 min m 60 vC.

the measurements were completed (-100 ns)long before the Successive traverses over the same area show that the
sample was exposed to the pressure surge ( m 1 is). potential sags uniformly. This is what one would expect,

since except for a band approximately 1 ni thick around

3. Experimental Results the periphery of the sample, the field is primarily di-
rectly across the thin dielectric. Under these circum-

3.1 Potential Profiles and Charge Transfer stances, the potential loss rate implies dielectric
(paint and fiberglass resistivity) of o-VA/Cd(AV/&t)

Figures 3(a) and 3(b) show the measured potential 5xi0
16 

ohm cm. Figure 4 is a composite of the measured
(charge) profile on the paint sample before and after OWL 11 transient currents to the backplate during the shot.
shot #4805 executed at 11:37 on 03/22/79. The average The integral of these currents is
potential profile before the shot is 13±1 kV with peak
potentials of 16 kV. The average potential after the shot AQ f'I(t)dt 92 wC.
is 10±I kV with peak potentials of 13 kV. This sample a
had been charged with 25 kV electrons at nearly normal Furthermore, these measured currents include both the
incidence. Notice that the potential (charge) profile charge that flows from the dielectric to the metal test
has considerable structure. Although this short range object as well as the charge blown off to infinity. One
structure is characteristic of the sample rather than the can infer the fraction of charge blown off from the po-
source and was observed for all sample types, it is only tential obtained by the test object. In this particular
partially reproduced on successive charging. This pre- case, the test object rose to approximately 1 kV, which
shot profile was taken 55t5 minutes before the shot. implies that only Q - CAV 9 0.24 uC actually escaped
The post-shot profile was taken between 5 and 10 minutes the test object.
after the shot. For 30 minutes immediately after the
pre-shot profile measurements, the potential at one se- Finally, notice that the potential minimum noted
lected point was monitored. From this measurement, we prior to the exposure (see Figure 3(a)] is definitely
found the potential leaked away at a rate of 55±5 V/m. absent after the EWR exposure. This is one of numerous
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FIDUCIAL MARK 1.00EO RMPS/DIV 200 NS/DIV

I.00E] AMPS/OIV 20 NS/OIV

SHOT: 4805.

-rETEST POINT: 17

20OOEI RMPS/OIV 20 NS/OHV
SHOT: 4~805.

VEST POINT: 12

CHANNEL: q SHOT: W~807. DIGITIZER 2.
2.00E 1 RMPS/DIV 20 NS/OIV TEST POINT: 15

T MAR. 22. 1979 14:49:28
SHOT: o805. Figure 5. Transient current record showing the prompt

TEST POINT: 10 and delayed current component.

'°"~ ~ ~ _ mmmm__ _ _
2.OEf APS7I 20 NS/DIV u u . .

T SHOT. 4'805..
TEST POINT: 14

MAR. 22, 1979 11: 36;:21

Figure 4. Transient current flow from the test body to
the metal backing of the fiberglass sample
during EWR exposure.

examples of charge redistribution. In this particular Figure 6(a). Test object voltage (103 V/div) versus
case, a charge transfer of - 1.6 uC is required to change time (200 ns/div), Shot# 4806 with 1 100
the potential of a 10 an wide valley by -4 kV. ns photoemission.

3.2 Delayed SGE4P Emission

Although no "triggered discharge" (where the terml- "'tvpv qw
"triggered discharge" describes a massive charge trans- N i M, - '
fer initiated approximately 100 ns after the arrival of A N N .
the photon burst) was noted in this test series, on two
occasions the paint sample exhibited delayed photocurrent.Figure 5 shows the measured response of thermal control 100m m l m m m m
paint, precharged to about 15 kV. In addition to the ,
normally observed prompt photoemission, this sample showsm

body current lasting for - 500 ns and delayed 100 to 200
ns from the photon pulse. This delayed current was also . N.1
evidenced by the test object potential. Figure 6 com-
pares the body potential for two consecutive nearly iden-
tical exposures. No delayed emission was observed for
the former (Shot# 4806). The test body potential in- Figure 6(b). Test object voltage (103 V/dlv) versus
creased in less than 100 ns to apprxotmately I kV and time (200 ns/div), Shot# 4807 which dis-
decayed at the 10 us RC time constant. The body poten- played delayed emission.
tial for Shot# 4807 also rapidly increased to approxi-
mately 1.5 kV, but then continues to increase during the 3.3 Enhanced SGEMP
emfssion of the delayed component. This implies that an
additional 0.96 uC was emitted and that it did not return Figure 7 compares the charged and uncharged tran-
to the body. sient photocurrent emission from silver-backed teflon
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CHANNEL- u S!OT: '1809. DIGITIZERi . o2| .wEey
TEST POImT: ITOT "i Low Energy

MRR. 22. I 79 a:58:a o

FIDUCIAL - Experimental
MARK /0 x

-~ I

/0

2. DOEI ARPS/OIV 20 NS/OIV N rcag

~~~10 - 4

0 10 20 30 40 50 60
CHANNEL: I SHOT: J811. DIGITIZER 4. 0 1n 4)

TEST POINT: ITOT Time (ns)
MAR. 23. 1979 I4:214:28 Figure 8. Comparison of measured and calculated photo-

emission of paint exposed to an EWR source,

illustrating the significant enhancement re-
Figure 7. Measurements of transient current flow toand sulting from transverse fields sweeping low

from Identical points on the same teflon sam- energy electrons away from the precharged
ple exposed to nearly equal photon bursts with dielectric.
the sample a) charged, and b) charged to
<V> 11-±I kV. a threefold emission enhancement as a result of pre-

charging if low energy electrons are suppressed, and a
exposed to OWl. II/EWR Shots# 4809 and 4811. As withall thirtyfold enhancement when low energy electrons are
the dielectrics studied in this series, a substantial accounted for. The relationship between experiment and
10X) increase in emission is noted as a result of pre- theory clearly indicates low energy electrons are crit-

charging. ical when the object has been precharged.

3.4 Comparison With Theory It should be emphasized that photocurrents by low
energy electrons result from lateral charge transfer

The measured instantaneous emission currentdensity under the influence of tangential fields near the metal
(for EWR Shot# 4806, 03/22/79) from a paint samplewhich dielectric boundaries. By this mechanismeTectrons with
had been precharged to 15.3±1 kV by normally incident insufficient energy to surmount the space charge barrier
30 kV electrons is shown in Figure 8. Also shown on are nevertheless emitted along trajectories with small
this figure are three theoretical predictions resulting normal and large tangential components. Some of these
from a two-dimensional self-consistent particle-pushing entirely escape the object, but most return to the test
code (SEMP). object or satellite, which was driven positive by the

amou,it AV - AQ/C, where AQ is the charge blown off and
For these calculations, a grid spacing of I cm was C, is the object's capacity to infinity. The calcula-

used, but the dielectric constant was increased (- 16X) tions show these charges may return far from their point
to maintain the correct charge-to-substrate capacitance of origin.
(Reference 7). The photoelectron spectral distribution
was given the form N(E) -kE exp(-F/Eo). 3.5 Solar Cell Coverslips

The curve marked "No Precharge" is photoemisslon Figure 9 shows one of many measured potential
one would expect from an uncharged paint dielectric ex- (charge) profiles along a precharged solar cell cover
posed to an EWR spectrum of the same flux and time his- g1ss array. The principal point to note is that the
tory as Shot# 4806. The other two calculations were coverglass potentials seldom exceed 8-10 kV, because
produced by a model which incorporated a close approxi- spontaneous discharge occurs at about 9 kV. Fiberglass.
mation of the measured potential profile, photon time on the other hand, can attain potentials in excess of
history, and two photoelectron spectra. The curve la- 13 kV. Although we did not obtain a "triggered" dis-
beled "High Energy" used the commonly employed approxi- charge in this experiment series, this measured poten-
mation that only primary electrons with energiesgreater tial profile together with the previous observation that
than a few hundred volts can escape the object while all substantial lateral charge transfer is predicted and
secondaries are returned to the sample. The third curve, observed, suggests the following explanation.
labeled "Low Energy" incorporates low energy (s-5OeV)
or secondary electrons, which would be returned to the In the previous test on the Skynet Qualification
object by the space charge barrier, were the dielectric Model, electron precharging produced a potential profile
initially uncharged. The relative number of high and with several gradients. Solar cells remained at or near
low energy electrons was experimentally indicated from ground potential, cover glass surfaces climbed to 8-10
biased diode measurements. These calculations predict kV before they spontaneously discharged; but fiberglass
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14 gradients of 106 V/m (at edges). Considerable fine-scale
structure was noted. Observed potential decay rates are

1Fiberglass consistent with typical dielectric resistivitiesof 2016

12 to 1018 ohm cm. Sponta'eous discharges and photo induced
T 4 charge transfers on the order of 2 C were common, as

compared to blow-off transfers of approximately 0.2 ,C.
10 T Solar Cell Numerous examples of radiation -induced charge redistri-

Cover Glass bution were noted.

T 2. Enhanced prompt SGEMP response was noted for all
8 - samples. These emissions approximately followed the time

Z history of the photon pulse, but with an amplitude 5 to
20 times larger than the uncharged sample. This obser-

64. vation is quantitatively explained and is attributed toii the lateral transfer of low energy electrons under the

1 influence of previously existing fields.

4 4 . 3. Contrary to the Skynet Qualification Model observa-) - I, ' 'tion, no "triggered discharges" were observed in this
series. However, on two occasions the paint sample ex-

2 . , hibited a delayed component of current lasting - 500 ns.

Cell Boundaries This was noted in both the substrate to body current and
between the sample and vacuum chamber implying net charge

20 loss from the body rather than just charge transfer on0 ! , , -the object.

0 10 20 30 40 50
4. Solar cells, regardless of size (2x2 or 4x4 cm) or

yAcm) thickness (0.006 or 0.012 in) spontaneously discharged

Figure 9. Potential profile along a row of charged so- at approximately 9tl kV (e-gun voltages of 11 to 12 kV).
]ar cell cover glasses measured with a non- These discharges showed considerable variation in nature
contacting electrostatic potential probe. and magnitude from less than I iC to much more than 10

WC.
or thermal control paint in the vicinity of the solar
cell cover glasses may have reached potentials in excess 5. Measurements of charge profiles on solar panel

of 16 kV. The surface potential of the Qual Model was structures demonstrated that the potential above fiber-
not measured because the object was geometrically com- glass around the edges typically exceeds the coverglass
plex. When the EWR burst occurred, charge was emitted potential by approximately 60 percent. A qualitative

from all exposed surfaces. Some charge was driven to explanation of the previously obse,-ved triqgered discrarge
infinity, some charge was collected by nearby lowpoten- is that it results from photo-induced charge flow trom
tial conducting surfaces, and some c, -ge was transferred the fiberglass to the coverslip, followed by a process
from the local high potential (V > 13 kV) fiberglass to indistinguishable from spontaneous discharge.
the comparatively low potential (V -9 kV) coverslip.
The exposed interconnects in a solar cell array aremin- 5. Acknowledgements
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GLOSSARY OF TERMS

EWR Exploding Wire Radiator. X-ray source which passes
very high current through wires for very short times,
generating an exploding plasma which gives off low
energy photons.

Faraday Cup Shielded metal cup used to measure charged particle
current density in vacuum.

FWHM Full width at half of the maximum.

Primary electron Electron liberated by the energy of a photon inter-
acting with an atom.

Secondary electrons Electrons liberated by interaction with another
higher energy electron passing by.

SGEMP System Generated Electromagnetic Pulse. Electromag-
netic waves generated by charges moved by direct pho-
ton interaction with systems.

Spacecraft charging Charging of external spacecraft dielectrics due to
natural space radiation.

Spontaneous discharge Release of stored charge from dielectrics, initiated

without any apparent external mechanism.

Teflon, Kapton Polymer films made by Dupont.

TREK Probe Instrument made by TREK, Inc. for sensing the poten-
tial of a surface without contacting the surface.
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