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Many contemporary spacecraft materials exhibit
cathodoluminescence when exposed to electron
flux from the space plasma environment. A
quantitative, physics-based model has been
developed to predict the intensity of the glow as
a function of incident electron current density
and energy, temperature, and intrinsic material
properties. We present a comparative study of
the absolute spectral radiance for several types
of dielectric and composite materials based on
this model which spans three orders of
magnitude. Variations in intensity are
contrasted for different electron environments,
different sizes of samples and sample sets,
different testing and analysis methods, and data
acquired at different test facilities. Together,
these results allow us to estimate the accuracy
and precision to which laboratory studies may
be able to determine the response of spacecraft
materials in the actual space environment. It
also provides guidance as to the distribution of
emissions that may be expected for sets of
similar  flight hardware under similar
environmental conditions.

Test Methods and Fac

Sample images in ambient light (left) and under

electron bombardment  (right)  showing
variations in sample composition, size and
facility.

0 (a-b) 41x41 cm sample of carbon-loaded polyil

The model developed for the observed electron-i

is based on band theory of highly disordered insulating materials [37 10]. The
observed luminescence occurs when an incident high energy, charged particle
undergoes a series of inelastic collisions exciting valence band electrons into the

tion band. The ited electrons rapidly decay to localized (shallow trapped)
states, with a mean binding energy &5 below the mobility edge. A final electron
transition, from the short-lived shallow trap states to longer-lived deep trap states is
the origin of the emitted photon.

The model predicts that the overall luminescencent intensity:
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Eq. (1)
The dose rate D (absorbed power per unit mass) is given by
_ JincEuneltnEm0l o ( [1/L]; R(Eine) <L
Dine En) = et e ) e S L sl

Jine, incident current density,
Einc, incident beam energy

T, temperature

L, sample thickness

A, photon wavelength

The exponential terms in Eq. (1) account for temperature dependence [3]. The last two
A-dependant terms correct for photon absorption within the luminescent material and
reflection from any underlying coating [11]. A more detailed discussion of the model
is given in [1]. This work focuses on the dependence of spectral radiance on J;,.,
E e, and the range of the deposited electrons, R(Einc)-

e, electron charge,

Pm, mass density of the material

1(Ep), contribution of backscattered yield
Dy, material-dependent saturation dose rate

The dependence of the sp oni current density, J;,,., in Eq.(1) is
through the dependence on dose rate; I,(Jinc) X DUinc)/[DUinc) + Dsar| « Jinc/Uine +
lsat]'

o Atlow dose rates (D « Dyq), I, is linearly proportional to Ji..
« At higher current densities (D > Dyq), saturation occurs when trap states fill, limiting the
material-specifi

number of states electrons can decay into; I, app a
saturation intensity.

Such saturation effects, at increasing current densities and fixed incident energies, have
i ic carbon-loaded polyimide [9], cynate
ine epoxy [1,13].
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Cathodoluminescent spectra of three highly
disordered insulating materials. Shown are:
cynate ester/graphite fiber composite at ~100 K
(red solid curve) [12], epoxy resin at ~295 K
(blue dashed curve) [6], and SiO,-coated mirror
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Measured absolute cathodoluminescent intensities for ~10 keV

electron bombardment scaled to 10 pW/cm?, representative of severe

space environments.

Q The materials shown, in app! order of i ing i ity, are:

= Three levels of decreasing carbon loading of polyimide from high to
low conductivity and bulk polyimide (black squares);

Disordered SiO, optlcal coatings (green),
Neat bi: /; and p
Composite resin fiber materials i fiber,
urethane epoxy/carbon fiber, and epoxylflberglass composites (red).

(blue),

Q Measurements at the two test facilities are |dent|fed at rlght
Q Three data y are p for
these range over more than two orders of magnitude, illustrating the need
for well designed test methods.
i for the i
nm is shown for comparison (dashed blue line).
QO Data acquired using the CCD video camera (863 nm weighted central
wavelength and 500 nm idth); the i thr of the
cameras at the MSFC facility [1].
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Comparison of different methods to determine the absolute spectral
| incident electron power di y as a fi ion of incid

at ~269 K (green dash-dotted curve) [3] carbon) as a of

Spectra are i at i energy using calculation

and are not corrected for the g and the i low-d
relative d itivity. approximation [14].

The energy dependence of the spectral r:
energy-d | penetratlon depth or range, R(E;,.), in Eq. (2) For nonpenetrating

is more due to the

mounted in the MSFC test chamber, with 36 epoxy
glue dots luminescing under electron flux.

0O (c-d) 2.5 cm diameter sample of thin disordered
Si0, coating on Au-coated mirror mounted in the
USU SEEM test chamber. (d) Image with the beam
focus adjusted so that electrons impinge and
cathodoluminescence is evident only on the right
side of the sample.

Q (e-f) 1 cm diameter sample of cynate ester/graphite
fiber composite at USU. Striations in the images
result from the composite fiber structure of the
material. (f) Image with the electron beam offset to
the top left, limiting cathodoluminescence to this
quadrant.

Q (b) and (d) are CCD video frame images; all other
images are SLR still color photographs.
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radiati here the energy-d penetration depth or range, R(E;,), is less
than the film thickness L—all incident power is absorbed in the material. At low
incident power, both D and I, are linearly proportional to the incident energy and
power density, (JincEinc/qc)- At higher incident power, both D and I, exhibit
saturation effects for increasing energy and fixed current density. For penetrating
radiation—where R(E;,.) > L—the absorbed power is reduced by a factor of [L/
R(En.)] [14] leading to a similar dependence for I,. Fig. 1 shows the range and dose
for select disordered materials as functions of incident energy.

An energy-dependent correctlon to the |nC|dent flux, ]mc[l 1N(Einc)], is also included
in Eq. (2) to for q ti ed electrons that do not deposit
substantial energy; n(E;,.) is the backscattered electron yield [11]. For the most part,
this correction is small and weakly dependant on energy. For biased | or

radi per
electron energy for bulk bisph epoxy pl

Q The slope of the linear fit, or conversion efficiency of high energy electron
power to luminescent photon power, of 2.16 x 10° [W/(W-nm-sr)] (+2%)
determined from the statistical analysis of 36 “glue dot” (green) is ~35%
larger than from analysis of a single “glue dot” (red) and ~32X larger than
from using edge region analysis (black).

Q The range of variations of the 36 sample data set is indicated by the ~+5%
standard deviation (error bars) and ~£60% minimum to maximum range
(green triangles). Errors for the spectral radiance and slope values for the
linear fit of the single “glue dot” are ~5X large than for the analysis of all
dots.

0 Comparison for the multiple sample data set of green initial (unsaturated)
and blue equilibrium (saturated) curves show saturation effect at higher
dose rates. The fit for the saturated (blue) curve from Eq. (1) is of the form ,
with a proportionality constant of 910°3[W/(cm?nm'sr)] (+20%) and D,=1.5
kGy/s (30%) or P,,=360 pW/cm?.

when excess charge is stored in the trap states, a surface voltage V; results and E;,. is
replaced everywhere in Eqgs. (1) and (2) by the landing energy, (Ei,.—q.Vs).
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spectral r versus i
four materials, scaled to 10 nA/cm? electron current density.

electron energy of

Q The plot shows data for:

= SiO,-coated mirror (green square) [3,4] m C-loaded polyimide (black diamonds) [1,9]

= Cynate ester/C-fiber composite (red circle) [12] = Bisphenol/amine epoxy (blue triangles) [1.13]

Q Fits are based on Egs. (1) and (2).

Q Data were taken with the CCD video camera at USU (solid symbols) and MSFC
(open symbols).

Q0 The approximate level of the zodiacal background stray light intensity at 863 nm
is shown for comparison (dashed grey line) [17].

C. il is an

important space environment-induced
to ially in icati where ly
sensitive space-based optical detection is necessary.

=] of the ities per i electron
flux have been presented that conflrm a quantitative, physics-based model
to predict the intensity of the glow as a function of incident electron
current density and energy, temperature, and sample thicknesses and
composition.

QO Comparisons for these materials show three orders of magmtude variation.

Q For bulk i materials, spi with
increasing incident electron power and flux. In thin films where electron
penetration is possible, a Ilnear relation is seen at low energies, but once

ion occurs with i g

a Composlte materials, where both penetrating and nonpenetratlng electrons
effects were present, required a combination of these two effects in the
model. Saturation effects at higher doses were ohserved and accurately

deled, for both ing and

Q Statistical analysis of the observed statlstlcal fluctuatlons of
cathodoluminescence for a large set of similar epoxy samples exposed
simultaneously to similar sp: li getic flux
conditions provided measures of both the instrumentation precision and
the stochas!lc variations inherent to the material.

Q The i y of the i results of studies of numerous
similar led to higher p and accuracy results that allow for
quantification of additional more subtle effects.

Q Together, these results allow us to estimate the accuracy and precision to
which laboratory studies may be able to determine the response of
spacecraft materials in the actual space i It also provi
guidance as to the distribution of emissi that may be d for sets
of similar flight hardware under similar environmental conditions.




