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I. INTRODUCTION

.Kapton is a polypyromellitimide film whose properties have been Investl-

gated extensively because of its wide usage in both terrestrial and space

applications. Because of its low conductivity and high dielectric strength,

. Kapton has been used as an electrical Insulator in terrestrial environments.

In space, Kapton is used most commonly as the outermost surface of a space-

craft thermal control blanket. When bombarded with electrons from the hot,

*l tenuous plasma found in space during geomagnetically disturbed times, the bare

Kapton surface tends to acquire a high electrostatic potential. A number of

techniques have been devised in an attempt to render the surface of Kapto-
'.P.6

q'V antistatic in order to reduce the risks arising from spacecraft charging. One

such approach relies on perforating the Kapton film to allow the electrons

accumulated on the front surface to drain off through the edge of the perfora-

tion to the aluminized back surface.1  The most popular one involves overcoat-

ing the Kapton front surface with a transparent, conductive oxide.2  In this

report, we wish to present the results of our investigation in which we found

that the dark conductivity of Kapton can be raised to a level where the film

itself can become sufficiently conductive to be antistatic by simply exposing

it to solar radiation in orbit.
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II. BACKGROUND

Although photnronduct!vity of Kapton has been studied for some tip, r -

effects of light on the dark conductivity of Kapton in vacuum are not well

understood. There were some early ground test data indicating that the dark

current measured after exposure to solar radiation in vacuum appeared to be

much higher than before exposure. 3  No explanation was given at the time for

the observation. The first indication that solar-exposure-induced increases

in dark conductivity may be important in space came from in-situ measurements

of the electrical properties of Kapton obtained by the Satellite Surface

Potential Monitor (SSPM).

The SSPM was an experiment payload flown on the P78-2 Spacecraft Charging

at High Altitudes (SCATHA) satellite.4  The purpose of the experiment was to

study the electrical behavior of typical spacecraft insulating materials in
the near geosynchronous orbit. P78-2 was a spin-stabilized sacellite with its

spin axis normal to the satellite-sun line. There were three SSPM Kapton

samples on board the spacecraft in different locations. Two samples were

mounted in such a way that they rotate into and out of sunlight; the third was

mounted in the shadow at the end of the spacecraft. On-orbit SSPM data showed

that the Kapton samples that were exposed to solar radiation tended to charge

less frequently and to progressively lower levels. 5  With the surface pote: -

* tial of an isolated gold-plated conductor as a reference, the data showed that

the ratio of Kapton surface voltage to the reference voltage decreased mono-

tonically as a function of time (Fig. 1). This decrease was observed only in

the Kapton samples exposed to sunlight in orbit and not in the sample in the

shadow of the spacecraft.

A more detailed analysis of the current vs voltage (I-V) behavior of

Kapton in orbit is shown in Fig. 2.6 The plot designated by triangles (A)

represents the I-V curve for Kapton measured before launch. The squares (0)

represent on-orbit I-V measurements of the SSPM Kapton samples obtained in

two charging events separated by 15 uo. Theme measurements were chosen for

comparison. because charging took place in rather intense but stable

9
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Fig. 2. I-V Characteristics of Kapton Samples
in Orbit and Before Launch.



environments and under conditions that allow us to obtain a quasi-equillibriu-

I-V measurement.

In the 28 March 1979 charging event, the bulk current of Kapton showed a

" drastic increase when compared with the prelaunch measurements. During this

event the surface charged to more than a kilovolt. This behavior indicat .-

that the conductivity of the material 2 mo. after launch was considerably

higher than expected, but still in the range where the surface charging is

- largely determined by the secondary electron emission. Approximately 15 mo.

4. later, in the 10 June 1980 charging event, the bulk current was four tirt-

higher than that observed in the 28 March 1979 event, and at the same time the

Kapton samples registered only small surface voltages. This behavior suggests

that the Kapton samples exposed to the sun had become so conductive that they

were no longer capable of supporting a significant surface charge buildup. A

possibility exists that the conductivity of Kapton can be raised within a

reasonably short time in orbit to a level where no appreciable charging can

occur even in the plasmas found in periods of intense substorm activity. As a

- result, an experimental investigation based on ground simulation was initiated

to study the change in dark conductivity of Kapton caused by exposure to solar

- radiation in orbit. The particular areas of interest included the spectral-

. and time-dependence of the change in conductivity.

12
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III. EXPERIMENTS

Exposure tp slnulated solar radiation and measurement of T-V behavior of

Kapton were carried out in a vacuum chamber evacuated to 10- 7 Torr. A helium

cryopump was used to maintain the pressure in the chamber. In Fig. 3 is shown

the schematic of the measurement setup. The samples consisted of 5- and 2-mil

Kapton films aluminized on one side. The aluminized surface of each sample

was attached by conductive epoxy to an etched copper circuit board. A diaprar

of the sample holder is given in Fig. 4. An electron gun was used to charge

the unmetallized Kapton surface while a noncontacting electrostatic potenti-

ometer was used to measure the surface potential developed. For a 4-k'

charging beam, the surface potential of Kapton was found to be 3 kV. This

result agrees with our previous findings, and the difference between the

charging beam potential and the Kapton surface potential is well understood.7

The procedure for carrying out the electrical measurements followed the

general format given below. The specimen was irradiated in the vacuum chamber

with the xenon lamp for a given period of time. Interference bandpass filters

were used to isolate the particular wavelengths in the different spectral

regions. The filters are designated by the wavelengths (in nm) at which the

transmission maxima occur. For example, filter 425 has a transmission maximum

at 425 rm. The bandw;idth of these filters measured at half height is approxi-

mately 50 nm. The spectral regions chosen for study in this experiment cover

'. three separate portions of the Kapton absorption spectrum, regions where

Kapton is strongly absorbing, partially absorbing, and nearly transparent. A

* summary of the absorption characteristics of both the filters and a 5-mil

Kapton film is given in Fig. 5. The dark conductivity of the specimen was

determined after each period of irradiation. In order to measure the dark

conductivity, the I-V behavior of the specimen was determined in the absence

of light and after the specimen temperature and current were allowed suffi-

,All of the Kapton films used in our study were obtained from Sheldahl in

Northfield, Minnesota.

13
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cient time to come to equilibrium. Similar measurements were carried out on

2- and 5-mil Kapton specimens prepared from different production batches. For

the exposure time dependence study, unfiltered output of the xenon lamp was

used.
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IV. RESULTS AND DISCUSSION

Three sets of experiments have been carried out: (1) investiga:on of

N the spectral dependence of the increase in dark conductivity of Kapton, (2)

determination of the effects of different gaseous environment on quenching the

increased conductivity, and (3) determination of the dark conductivity

increase as a function of exposure time. Our results indicate that photo-

chemical reactions are ultimately responsible for the increase in dark

conductivity observed in Kapton. Furthermore, our results show that Kapton

can be made conductive in a much shorter time than we expected earlier. The

following sections discuss our findings in detail.

A. SPECTRAL DEPENDENCE

*- A summary of our ground test results on spectral dependence is given in

" Table 1. The difference in bulk current before and after exposure is an

indication of the increase in conductivity, since there was no appreciable

change in the surface potential.* Filter 502 produced the largest increase in

bulk current for both the 2- and 5-mil Kapton samples, as shown in Table 1.

Filter 425 produced the smallest increase. Strictly speaking, from an

energetics point of view, photons transmitted by filter 425 are more energetic

and more likely to induce a conductivity change in the material. However,

these photons are also strongly absorbed, and as a result, do not penetrate

very deeply into the material. The absorption spectrum of Kapton in Fig. 5

reveals that, at the wavelength where filter 425 is transmitting, less than 1%

of the photons can penetrate the entire thickness of a 5-mil Kapton sample.

Since the change in conductivity is measured through the film, it is critical

that the photons responsible for the conductivity change should penetrate the

entire thickness of the material. Consequently, although the photons have

Results of our previous studies on surface charging of insulators Indicate

that, when the bulk current is small compared to the incident charging
current, the surface potential is controlled by the secondary electron
emission characteristics of the material and is not dependent on the
conductivity of the material.
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sufficient energy to cause the changes that are responsible for conductivity

increase, they fail to penetrate enough to produce a significant increase in

bulk current for the 5-mll Kapton sample. However for the thinner 2-mil

".. .' Kapton sample, more photons can penetrate the entire thickness of the film,

and a slight increase in bulk current was observed.

On the other hand, according to the absorption spectrum of Kapton, a

large percentage of photons from filter 560 can penetrate both the 2- and

5-mil Kapton films. These longer-wavelength photons lack the energy required

to cause the chemical changes necessary to increase the conductivity of the

film. As a result, only minor increases in the bulk current were detected.

Filter 502 was chosen because its transmission maximum coincided with the

absorption-band edge of Kapton. The photons in this spectral region have both

depth penetration and the energy appropriate for photochemical reactions.

Under these conditions, electrical conductivity through the thickness of the

film was found to increase dramatically.

0- 4 B. QUENCHING STUDY

The results we have presented so far can be explained by the formation of

electrically active centers generated in the bulk of the material by photo-

chemical reactions. In an attempt to identify which chemical species produced

4
I by the photochemical reactions are electrically active, we carried out a

series of experiments in which the quenching effects of various gases were

studied. In these experiments, Kapton specimens were irradiated with a 1000-W

xenon lamp. After the increase in dark current was measured in a vacuum of

10- 7 torr, a particular gas was admitted to the vacuum chamber, and the

pressure of the chamber was raised to 400 torr. The specimen remained in this

gaseous environment for 16 h. At the end of this period, the change in dark

-' . current was measured after the chamber had been reevacuated to a pressure of

0 0 torr. The gases used in this study were dry N2 and dry air. We found

*@- dry N2 had no effect on the dark current of the specimen, but dry air was

extremely effective in quenching the increase in dark current.

These results suggest oxygen is responsible for deactivating the electri-

cally active centers in the specimen. It is well known that organic radicals

% 21
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or radical ions are byproducts of photochemical dissociation of polymeric

materials such as Kapton. Acting as donors or acceptors, these radicals are

responsible for the observed increase in conductivity. When exposed to dry

air, these radicals can react with oxygen to form more stable peroxy radicals

that appear to be electrically inactive. As a result, the increase ii

conductivity is quenched. This finding is consistent with our conjecture that

the conductivity increase is photochemical in origin. Although we did not

perform a long-term study to determine the stability of these electrically

active centers, our results suggest that these centers appear to be stable at

10- 7 torr. During the several weeks in which the experiment was performed, no

appreciable degradation in dark conductivity of the sample was observed. This

evidence is indirect, however, because the sample was continually being

irradiated. A more direct experiment is needed to define the relationship
between ambient oxygen partial pressure and the rate of decrease in dark

current. Such a study would provide the information necessary to determine

the stability of these electrically active centers in different environments.

C. EXPOSURE TIME DEPENDENCE

In order to make use of the light-induced increase in conductivity to

control electro-static change buildup, it is essential to determine how the

conductivity of Kapton varies with exposure time. A plot of the change in I-V

measurements as a function of irradiation time for a 5-mil Kapton film is

' shown in Fig. 6. The electron beam voltage used in this particular case was 4

kV. The increase in the measured dark current shown in Fig. 6 is accompanied

.' by a decrease in the surface potential indicating that the conductivity of the

*@ specimen is increasing as a result of irradiation.

Further investigation of the I-V behavior of the specimen revealed that

the potential of the specimen measured after irradiation became less dependent

on the incident charging beam voltage (Fig. 7). More importantly, the I-V

curve shown in Fig. 8 obtained after 706 min of irradiation was found to be

linear. Furthermore, the surface voltage was found to increase linearly with

the Incident beam current density and not the beam voltage. These results

indicate that the specimen was behaving like a resistor, and the electron beam

22
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Fig. 6. Plot of I-V Measurements as Function of Irradiation Time.
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Fig. 8. I-V Characteristics of Specimen After 706 min of
Irradiation.
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was acting as a current source. This behavior represents a drastic departure

from the I-V characteristics of the material before it was irradiated. Before

"' irradiation, the surface potential varied linearly with the incident beam

" voltage and did not depend on the beam current density at all. This effect

had been studied in detail by the authors earlier and found to be the result

of secondary electron emission-controlled charging.7  This phenomenon occurs

only in low-conductivity materials where the major part of the incident beam

current has to be balanced at the sample surface by secondary electron

*emission instead of conduction. For the specimen that is more conductive, the

material will exhibit I-V characteristics more closely resembling those of P

resistor.

In the case under study, the conductivity increases were caused by

exposure to solar radiation, and we were able to follow the I-V behavior as

the conductivity of the specimen was increased stepwise (Fig. 9). A detailed

analysis of the I-V curves was performed to obtain an estimate of the resist-

ance of the specimen at different exposure times. The resistivity data are

summarized in Table 2. We find that the increase in conductivity is directly

proportional to the increase in exposure time. This finding agrees with our

earlier observation that the conductivity increase in Kapton was caused by the

accumulation of electrically active centers produced by photochemical

reactions. The agreement can be explained by examining the basic charge

transport equations.

. j = o E (1)

and

a- e n ~(2)

where J, o, 9, e, n, and p are current density, conductivity, electric field,

electronic charge, and carrier density and mobility in Kapton, respectively.

Since carrier mobility is a bulk property, it is not expected to be affected

by minor chemical changes in a low-mobility polymeric material such as

Kapton. Therefore, the increase in conductivity must be largely the result of

26
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an increase in the carrier density which, in turn, is controlled by the number

of electrically active centers present in the material. At the same time,

because the active centers are produced photochemically, the concentration of

these centers should be directly proportional to the total dosage of light

received by the specimen. In unimolecular photochemical reactions, the changt-

in product concentration, -, is directly proportional to the light intensity,

.. I,or

T I (3)
dt

when n is the quantum yield for the reaction. Integrating the change over

time at constant light intensity,

An n I At (4)

and, therefore

Aa =e P.i n I At (5)

Hence, it is reasonable to expect the increase in conductivity of Kapton to be

directly proportional to the exposure time, which is exactly what we found

from our measurements.

In addition, we have uncovered a rather unexpected result from studying

- Kapton specimens prepared from different production batches. We found that

different batches of Xapton exhibited similar increases in conductivity but

*differed markedly in the rate of increase under the same exposure conditions

(Fig. 10). The specimen from batch numbers 117719 required approximately 10

times less light than the specimen from batch number 25976 in order to reach

the same level of conductivity. This finding has important ramifications on

the development of antistatic thermal control surfaces for future space-

- craft. Our results show that the increase in conductivity of Kapton can be

" accelerated or inhibited by varying processing conditions or additives. More

29
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specifically, it means that the conductivity of Kapton in space can be

tailored to match the requirements of specific end-use applications, provided

that the basic mechanism controlling the rate of conductivity increase is

. known. A series of additional experiments had been conducted to investigate

- the chemical differences that may exist between the different batches. N:

extraneous differences in chemical additives were detected in the infrared

spectra of the films or in the gas chromatographic analyses of extracts from

samples from the two different batches. However, the specimen from batch

. number 25976 appears to be darker and the absorption spectrum shows a shift of

the absorption band edge to a longer wavelength. Since no measurable differ-

ence in additives was found, we speculate that the shift in absorption could

be the result of a higher degree of thermal crosslinking.* Kapton is a

polyimide made up of monomers derived from benzene. The polymer is yellowish

brown in color because of the localization of the r electrons in the benzene

ring. Crosslinking the polymers increases the interaction between the 7 elec-

trons and gives rise to a more intense optical absorption band as well as a

shift of the band edge to a longer wavelength. The results of the spectral

dependence study show that only a narrow portion of the visible spectrum, near

the onset of the absorption band, is effective in producing a conductivity

increase; which means that the threshold energy for photochemical reaction is

only slightly lower than the absorption band edge. Consequently, a shift of

the absorption band to lower energy can drastically reduce the number of

photons available in the bulk of the material for reaction and thus have a

significant effect in lowering the rate of conductivity increase. So far,

this explanation is only a speculation, even though it seems to be consistent

with all our previous findings.

-. .

It was found that density, color intensity, and viscosity increase as the
Kapton film receives greater thermal treatment.

8
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V. SUMMARY AND CONCLUSION

The spectral dependence of the dark conductivity of Kapton has been

determined. It was found that only a very narrow portion of the solar spec-

trum is effective in causing an increase in the through-film dark current of

Kapton. Experiments were also carried out to study the efficiency of various

gaseous environments in quenching the light-induced dark current. The results

indicated that the increase in the dark conductivity of Kapton is caused by an

accumulation of electrically active centers produced photochemically in the

.bulk of the material and these active centers should have an extremely long

lifetime in the absence of oxygen. This finding suggests that the light-

induced increase in conductivity of a Kapton film can persist for a long time

in orbit where there is a very low density of oxygen atoms or molecules.

The increase in conductivity of iCapton as a function of exposure time has

also been determined and analyzed in detail. The analysis showed that the

conductivity increase is directly proportional to the exposure time. This

observation is consistent with the concept that the increase in conductivity

is photochemical in origin. Markedly different rates of increase in

.. conductivity were also observed in Kapton specimens from two different

" production batches. The difference in rates can be explained by the shift of

absorption band edge to a longer wavelength. One important conclusion that

can be drawn from our results thus far is that it is possible to raise the
conductivity of Kapton to a level where it can be used as an antistatic space-

craft surface in a reasonably short time by exposing Kapton to solar radiation

- in space. However, before Kapton can be recommended for use as an antistatic

spacecraft surface, more work would be needed to determine how long the

.* increased conductivity will persist In space.

.5-'

33

. %

5o...o



-%
° 

,.* **

" REFERENCES

1. : eulenberg, A. and Robinson, P. A., "Conduction Through Punctures

Metal-back Dielectrics," Spacecraft Charging Technology 1980, AFGL-TR-

81-0273, 191-., p. 342.

2. Levadou, F., Bosma, S. J., and Paillous, A., "Materials Characterization

Study of Conductive Flexible Second Surface Mirrors," Spacecraft Chars-
ing Technology 1980, AFGL-TR-81-0270, 1981, p. 237.

3. Coffey, H. T., Nanevic, J. E., and Adamo, R. C., Photoconductivity o:

High Voltage Space Insulating Materials, Stanford Research Institute,
Final Report, Project 3545, NASA Contract NAS 3-18912, Oct. 1975.

4. Stevens, J. R. and Vampola, A. L., Description of Space Test Program

P78-2 Spacecraft and Payload, The Aerospace Corp., El Segundo, Calif.,
SAMSO TR-78-24, 31 Oct. 1981.

5. Mizera, P. F., "Summary of Spacecraft Charging Results," Journal of

Spacecraft and Rockets, Vol. 20, No. 5, 1981, p. 438.

.\ 6. Leung, M. S. and Kan, H. K. A., "Laboratory Study of the Charging of
Spacecraft Materials," Journal of Spacecraft and Rockets, Vol. 18, No. 6,
1980, p. 10.

7. Leung, M. S., Tueling, M. B., and Schnauss, E. R., "Effects of Secondary
Electron Emission on Charging," Spacecraft Charging Technology 1980,
AFGL-TR-81-0270, 1981, p. 163.

8. Dine-Hart, R. A., Parker, D . B. V, and Wright, W. W., British Poly-ner

Journal, 3, Parts I, II, III, Sept. 1971, p. 222.

35



S.

'I.

LABOR.ATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting os..

imental and theoretical investigations necessary for the evaluation and applica-

tion of scientific advances to now military space systems. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in

dealing with the many problems encountered in the nation's rapidly developing

space systems. Expertise in the latest scientific developments is vital to the

accomplishment of taska related to these problems. The laboratorias that con-

tribute to this research are:

Aerohsic. Laboratory: Launch vehicle and reentry sarodynamics and heat

transrer, propulsion chemistry and fluid mechanics, structural mechanics, flight

;0' dynamics; high-temperature thersomechanics, gas kinetics and radiation; research

-. in environmental chemistry and contamination; cv and pulsed chemical loser
4,. development including chemical kinetics, spectroscopy, optical resonators and
S. beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atm*-
spheric optics, 1ight scattering, state-specific chemical reactions and radia-
tion transport in rocket pluses, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioeonvirormental research and

monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser comunications, lidar, and alectro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radioetric imaging; millimeter-wave and microwve technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-snsitive system design, distributed architectures for

spaceborne computers, fault-tolerant computer systems, artificial Intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymers, and now forms of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materiala in

space environment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the etmosphere, density and composition of the upper etmosphere, auroras
and airglow; malnetospheric physics, coemic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared astronomy; the
affects of nuclear explosions, magnetic storms, and solar activity on the

'N earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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