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1. INTRODUCTION

1.1 BACKGROUND

Refractive optical components aboard earth-orbiting satellites and
exploratory spacecraft are subject to hombardment by high-energy ionizing
radiation which can severely impact the optical properties of these com-
ponents (Refs. 1-3). Many space-borne optical systems operate in the
ultraviclet, visible, and near-infrared range.

Transmission losses due to the formation of color centers in refrac-
tive components degrade the system's performance by reducing signal
strengths. In addition, exposure to ionizing radiation may cause refrac-
tive components to luminesce with sufficient intensity to cause an increase
in optical noise, flash blindness of photo detectors, or, in extreme cases,
detector failure. Information on the magnitude of these effects in typical
optical materials is required to provide the basis for selection of appro-
priate materials and assess system performance capabilities in radiation
environments.

The nature and intensity of the radiation environment encountered

A ddiniia, Badiean b en

depend upon the mission of each spacecraft and can vary greatly. The
earth's natural charged-particle radiation is trapped in a magnetic bottle
formed by the earth's magnetosphere, and electron fluxes can be as high as
108 e/cmz-sec, with 99% of the particles having energy less than 1.6 MeV
(Ref. 4). In addition, trapped artificial radiarion resulting from high-
altitude nuclear explosions can alter the intensity and energy spectrum
of the earth's radiation environment. For example, after the high-altitude
explosion of July 9, 1962, flux levels of 109 e/cmz-sec were observed, with
only 55% of the particles having energies less than 1 MeV. Exploratory
spacecraft may also encounter intense radiation levels such as those dis-
covered in the Jovian magnetosphere (Ref. 5).

This report describes a room-temperature investigation of the radio-

luminescence and radiation-induced absorption of thirteen common optical



materials: ten common Schott optical glasses, crystalline quartz, Supra-
(]
sil, and sapphire in the spectral range 1400 to 9000 A. The samples were

10 to 1013 2

exposed to 2.5-MeV electrons at flux levels from 10 e/cm” -sec

10 to 1016 2

to total fluences from 5 x 10 e/cm”.

Determinations were made of (a) the absolute radioluminescent yield,
(b) the flux dependence of the radioluminescent yield, (c) the spectral
and temporal distribution of the radioluminescence, (d) the growth of the
induced absorption as a function of total dose, (e) the dose-rate depen-
dence of the absorption, and (f) the bleaching of the absorption after
irradiation. In addition, to determine the variation in the above effects
with manufacturing variations, duplicate glass samples from different
melts were tested.

Prior to making the above measurements, a preliminary investigation,
designed to give an indication of the magnitude and spectral distribution
of the darkening in the Schott glasses, was carried out before launching
the full-scale investigation. These samples were subsequently used to
study the optical bl=aching of the induced absorption, and the results of
these measurements are included in Appendix A.

In addition, radiation darkening measurements of five additional
Schott glass types are presented in Appendix B. These measurements were
made before and after irradiation with 10-MeV electrons for Dr. Leonard

Larks of Jet Propulsion Laboratory by IRT.

1.2 SUMMARY OF RESULTS

During the course of this investigation, a mountain of data was
accumulaied, and the authors feel that it would be highly instructive
to summarize the results at this point.

After exposure to a fluence of 1 x 1016 e/cmz, Schott BK7-G14 dis-
played no radiation-induced absorption, while <apphire, crystalline
quartz, and Suprasil displayed a small amount of absorption near 2000
to 2200 A. The remaining Schott glasses proved to be very "soft"; all

of them displayed noticeable darkening after exposure to 5 x 1012 e/cmz,

11 2

with some glasses darkening noticeably after exposure to 5 x 107~ e/cm”.

Gf these glasses, SF-10 and SF-11 appeared to be the most resistant to




radiation darkening, based on the results of measurements made 90 sec
after irradiation. Subsequent measurements showed that the SF-10 and
SF-11 samples were as susceptible as the other glass samples, but that
the darkening bleached significantly within the first 90 sec after
irradiation.

A dose-rate dependence of the radiation darkening (measured 90 sec

after irradiation) was observed in Schott SF-10 and SF-11. This depen-
12

2

dence was not observed for exposure at 4.5 x 104 rad/sec (1 x 10

2 e/cm

e/cmz-sec) but was dramatic at 2.5 x 105 rad/sec (5.5 x 10l -sec).
The measured darkening was less when the samples were exposed at the
higher rate. This should be kept in mind when planning future acceler-
ated tests.

Transient absorption measurcments in the l-msec to l-sec time regime
showed that only sapphire and Schott Bak4 displayed transient absorption.
The transient auvsorption appeared in the 3000 to 3500 Z region and had
lifetimes on the order of 50 msec.

Luminescence measurements showed that the spectrally integrated
radioluminescence intensity of sapphire was an order of magnitude greater
than quartz and BK7-Gi4 glass, which was an order of magnitude greater
than Suprasil and the rest of the Schott glasses.

The radioluminescence from crystalline quartz and Suprasil was lim-
ited to the near UV. Sapphire samples also displayed broad-band UV luini-
nescence in addition to a sharp red line which is undoubtedly attributable
to chromium impurity. Schott BK7-Gl14 displayed a broad luminescence band
which peaked near 4200 A. The radioluminescence intensity of the remain-
ing Schott glasses was too weak to be observed spectrally, but must be in
the visible and near IR due to self-absorption of luminescence produced at
wavelengths shorter than the "band edge." (The band edge of most of these

samples is between 3000 and 3900 K).

In view of these results, the samples can be divided into four categories:

1. Crystalline quartz and sapphire
a. Darken only slightly in the UV
b. Luminesces with high efficiency mainly in UV (sapphire

has red chromium luminescence)

ki



2. BK7-Gl4
a. Does not darken
b. Luminesces with high efficiency (broad-band centered
at 4200 ;].
3. Suprasil 2
a. Darkens only slightly in UV
b. Luminesces with low efficiency in W
4. Remaining Schott glasses
a. Darken readily .
b. Luminesces at wavelengths greater than 4000 A, with
very low efficiency.

Since these components are being considered for use in a spaceborne
optical system which will employ active optical components (detectors) and
will be subject to a radiation envirunment, the optimum material should
(1) be radiation-hard, (2) have a low radiolurinescence efficiency, and
(2) have optical properties amenable to the function of the specific sys-
tem. Of the materials used in this investigation, Suprasil 2 appears to
fit these parameters best. In cases where indices of refraction and
Abbe numbers su~h as those possessed by the Schott glasses are desired,
a two-element system could be used, with the first element being a Supra-
sil 2 flat. The Suprasil 2 flat would (1) attenmnate the radiation, (2)
not darken in the wavelength vegion where the Schott glasses transmit,
and (3) have its luminescence absorbed in the Schott glasses, thereby

eliminating optical noise received by the detector.
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2. EXPERIMENTAL

2.1 SAMPLES

The samples were procured from various vendors:
Sapphire (UV grade} - Union Carbide, Linde Division
Suprasil 2 - Amersil
Crystalline quartz (Z cut) - Sawyer Research Products, Inc.
10 glasses - Schott Optical Glass
Table 1 summarizes the physical and optical properties of the samples.
Column 1 is the material name; for the glasses, Schott's nomenclature is
used. Column 2 indicates the "index of refraction - Abbe number' coordi-
nates of each glass. The first three digits are (ng-1), where ng is the
g = 1.540,
then (nd-l) = 0.540. The second three digits represent ten times the

index of refraction of the helium yellow line (5867 Z); so if n

Abbe number, v, where v = (ne-l]/(np-nc), in which ne is the index of
refraction of the blue cadmium line (4861 A), n is the index of refrac-
tion at the red cadmium line (6563 R), and n, is at the mercury green line
(5416 K). Each material (type and melt) was assigned a code number, shown
in column 3. Column 4 gives the Schott melt identification. Column S
gives the sample thickness which, for the Schott glasses, was chosen such
that exposure to equivalent fluences rcsulted in equivalent energy deposi-
tion. The density is given in column 6, and the number of samples procured
is given in column 7.

The Schott glass samples were polished by Optico Glass Fabrication,
San Dimas, California. The remaining samples were polished by the respec-
tive manufacturers. All samples were scribed with the appropriate code
which identified the sample type, melt, and individual sample. In addition,
the code was used as a reference to ensure consistent sample orientation
during repetitive measurements to minimize those effects which may result
from slight non-parallelism of the sample surfaces. Typically, the samples

were paralle: to within 12 sec of arc.




Table 1

SAMPLES
Sample (ng-1) Thi cknessP Density Total No.
Type ~T0v~ Code®  Melt No. (cm) (g/cm3)  Samples
BaK-4 577/587 BA 331904/X, LK90S6 0.16 3.10 20
BK-7 520/642 CA G1129/1, LK584 0.20 2.51 10
BK-7 520/642 CV G1110/T, LK536 0.20 2.51 10
BK7-G14 520/642 TA 362672/1, LK20959 0.21 2.53 12
KzFS-N4  613/443 KA 700470/3-5, LK9242 0.16 3.20 10
KzFS-N4  613/443 KV 700473/5, LK9242 0.16 3.20 10
LakK-10 720/5Y4 LA B499, LK463 0.13 3.81 10
LaK-10 720/504 LV B128, LK116 0.13 3.81 10
SF-10 728/284 FA F175, LK33 0.11 4.28 10
SF-10 728/284 FV 351554/111, LK9091 0.11 4.28 10
SF-11 785/258 VA Gl67/111, LK127 0.10 4.74 11
SF-11 785/258 VV G168, LK127 0.10 4.74 9
SK-7 607/595 XA F578, LK181 0.14 3.51 10
SK-7 607/595 XV 332773/1V, LK20223 0.14 3.51 10
SK-14 603/606 NA 312930/11, LK21088 0.14 3.44 10
SK-14 603/606 NV B310, K262 0.14 3.44 10
UBK-7- 517/643 HA 322526/1, LK9215 0.20 2.51 10
UBK-7 517/643 HV 13988 0.20 2.51 10
Juartz, 599/ oA - 0.20 2.65 6
Sapphire 702/- SA - 0.20 4.00 6
i‘;‘l’rg' 419/- UA  T-20 0.32 2.19 6

3Code key: B A 07

L Individual sample number

Melt reference

Sample type reference

ba11 samples 2.54 cm high x 3.81 cm wide; dimensional tolerance +0.01 cm.

ek e NN R 5 PR — ; G2 Rt en Gt s



2.2 OPTICAL SYSTEM

The short-wavelength limit to which optical measurements can be made
in air is limited by the oxygen absorption band at 1400 A (Ref. 6).
Excited oxygen molecules resulting from absorption of light in this band
have a significant cross section for the formation of ozone. Consequently,
if a light source is sufficiently UV-rich, the short-wavelength limit is
shifted to nearly 3000 A due to the broad ozone absorption band at 2600 A.
Therefore, to make optical measurements in the 1400-2000 Z region, it is
necessary to enclose thc optical path in a vacuum. Typically, vacuums
better than 10°* torr are required (Ref. 7).

In situ and ultraviolet measurements were made using the optical
system shown in Figure 1. Since many of these measurements were made °

4 t0 10°° torr. The system

o -
below 2000 A, the system was evacuated to 10
consisted of three elements: sample chamber, vacuum ultraviolet monochro-

mator, and detector assembly.

HIGH-PRESSURE SHORT-ARC XENON

9 LAMP WITH INTEGRAL REFLECTOR

2 - ELECTRON-BEAM TUBE
3 - SAMPLE

10 4 - COLLECTION MIRROR
5 - ENTRANCE SLIT
6 - SEYA-NAMIOKA SPECTROMETER
7 - GRATING 9 - FILTER WHEEL

RT-06133 8 - EXIT SLIT 10 - PHOTOMULTIPLIER

Figure 1. Schematic of in situ optical system
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2.2.1 Sample Chamber

A cutaway drawing of the sample chamber is shown in Figure 2. The
light source, sample wheel, position encoder, and drive motor were mounted
on a single removable O-ring sealed plate. The source was a high-pressure
xenon arc lamp, model VIX150 UV (12.5 V dc, 12 amp) produced by Eimac Cor-
poration. This model is a 150-watt dc short-arc (0.040-inch), high-
pressure (20 to 40 atm) lamp with a sapphire window and silver-plated alu-
minized parabolic reflector. The lamp has a UV-rich output and 'closely
matched a 5100°K source over the visible spectrum” (Ref. 8). The light
was focused onto the sample by means of a quartz lens (focal length 8.9
cm) which defined the short-wavelength cutoff of absorption measurements
to be about 1800 R. We originally intended to use a similar lamp with a
hyperbolic reflector which did not require the use of a lens. Such a lamp
is usable to the sapphire cutoff at 1500 R. Unfortunately, the manufac-
turer no longer produces these lamps.

The sample wheel and sample holders are shown in Figure 3. This
arrangement allowed four samples to be mounted in the chamber with the
sample long axis either parallel or perpendicular to the optical axis and
in both cases at 45° to the electron-beam direction. Each sample could
be irradiated and investigated separately in situ, thus reducing the time
spent changing samples and pumping down the chamber. The sample wheel was
comected via a Ferrofluidic Rotary feedthrough to a position encoder
which was, in turn, connected via a 1:1 gear arrangement to a 24 V dc
Globe motor. The sample wheel position could be determined within 1.5°
of rotation via an 8-bit Grey code output from the rotary encoder, Electro-
Mec model DISPG-2 obtained from American Design Components, New York.

The thermistor arrangement in Figure 3 was to be used to measure
sample temperature after irradiations, but did not prove to be a useful
method due to mounting problems. As a result, no measurements were made
of sample temperatures; however, the sample holders were constructed to
allow for thermal expansion of the samples in the event that the heating
became excessive.

Light signals were focused onto the entrance slits of the monochro-

mator by a front-surface concave mirror obtained from Oriel Corporation.
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Figure 3. Sample wheel and sample holders

The mirror was 108 mm in diameter with a radius of curvature of 46 cm.
The aluminized reflecting surface was overcoated with magnesium fluoride
to reduce degradation resulting from exposure to the atmosphere.

The sample chamber was constructed ¢f aluminum which was hard anodized
flat black to reduce the amount of stray light entering the monochromator.
A cylinder, closed at one end, was welded into the side of the sample cham-
ber to accept the end of the Dynamitron heam tube. This arrangement mini-
mized the air path which the electrons had to travel before entering the
sample chamber via a 2-mil aluminum window. A 3-cm-thick graphite colli-
mator with a 2.54-cm aperture was placed between this window and the beam

tube.

2.2.2 Vacuum Ultraviolet Monochromator

The monochromator was a Jerrell-Ash Seya-Namioka vacuum, ultraviolet,
grating monochromator. This is a 0.5-m instrument with a 15,000-1ine/inch
1+
concave grating blazed at 2500 A and overcoated with MgFZ. The grating

drive was instrumented with Selsyn motors and was driven remotely.
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2.2.3 Detector Assembly

An RCA C-30125J photomultiplier was located at the exit slit of the
monochromator. This tube is equipped with a UV-grade sapphire window
which determines the short-wavelength cutoff of the tube, while the long-
wavelength cutoff is determined by the photocathode material. The quantum
efficiency and absolute and relative sensitivities are shown in Figure 4.

One problem with any grating monochromator is that light from multiple
orders falls on the exit slit at the same time. To separate the first-
order light from the higher orders, a series of remotcly operated filters
was inserted between the exit slits and the photomultiplier tube: between
1400 and 2500 R, no filter was necessary; between 2500 and 3000 R, a quartz
filter; between 3800 and 6000 R, a glass filter; between 6000 and 9000 R,
a KRS-5 filter. The transmission spectra for these filters are shown in
Figure 5. The filters were mounted on a cylinder which surrounded the

photomultiplier tube, and the entire assembly was evacuated.
2.2.4 Calibration

The National Bureau of Standards has adopted tungsten as the standard
source for spectral irradiance down to 2600 A (Ref. 9, and other than syn-
chrotron radiation, no standard source exists below 2500 R.

Absolute intensity calibration of the optical system — sample chamber,
monochromator, and photomultiplier — was accomplished by placing a 650-watt
tungsten-halogen projection lamp (Sylvania model DVY) at the sample position.
Such lamps can be used for absolute intensity standards from 0.25 to 2.6 um
(Ref. 10). The calibration was extended below 0.25 um by using a Hg:Ne low-
pressure line-source lamp. The relative intensities of the lines given off
by Hg:Ne lamps are listed in the AIP Handbook (Ref. 11). The absolute
intensity of the lines may vary from lamp to lamp. However, by normalizing
the emission intensity of several lines for our lamp in the visible where
the system had previously been absolutely calibrated against a tungsten
source, the calibration of the system could be extended in the UV region to
70.20 ym, where the quartz envelope of the Hg:Ne lamp became severely atten-
uating. This was done by comparing the published relative intensities with

the measured photomultiplier tube signals.
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Figure 4. Typical photomultiplier response characteristics
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The basic requirement for absolute calibration is to put an object of
known spectral radiance, R(X), at the sample position and then measure the
spectral dependence of the detector output current, I(1), to determine the
spectral throughput characteristics of the optical system, k(A)/v = I(A)/R(}).

The spectral radiance emittance of a tungsten filament lamp at several
temperatures is shown in Figure 6. The spectral radiance emittance of tung-
sten is the blackbody emittance times the spectral emissivity of tungsten
at that temperature and wavelength (Ref. 12). The observed photomultiplier
current for this lamp (subject to a number of conditions, including iamp
temperature, PM tube voltage, and monochromator slit width) was recorded as
a function of wavelength. Dividing the data in Figure 6 by the photomulti-
plier current point by point results in a calibration versus wavelength

such as that shown in Figure 7. The calibration factor in Figure 7 is sub-

“ject to a number of constraints including PM tube voltage, monochromator

slit width, and duration of illumination. However, the spectral radiant
emittance M(A) of an unknown sample is related to the emittance of the
standard by the sample ratio

RS T v (1

Likewise, the radiance R(X) of an unknown is related to the radiance of the
standard RS D(A) as

I RS D(Al

R(A) = Is
D

(2)

Implicit in this calibration is the assumption that the radiation patterns
for the standard source and the unknown are the same. A more detailed

account of the calibration procedure is included in Appendix C.

2.2.5 Wavelength Calibration

The wavelength readings of the in situ optical system were calibrated
against a low-pressure Cenco helium line source. The He source is a conve-
nient calibration lamp bccausc of the isolated intense vellow line at
5876 ;'which provides an easily identified starting point, and because the
remaining lines are well spaced. The prominent lines and their relative

intensitiecs arc listed in Table 2.
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Figure 6. Tungsten spectral radiant emittance at several temperatures
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Figure 7. Absolute intensity calibration of in situ optical system
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Table 2
PROMINENT He 7 INES

Wavelength (Z) Strength

3889 M
3965

4388 W
4471
4713
4922
5015
5048
5876 VS
6678

7065

7281 M

very strong
strong
medium

weak

= n 2T 2 X

VS
S
M
W-

The line source could not be placed at the sample position due to the
size of the lamp; thercfore, calibration was performed by placing the He
source -at the entrance slit of thc monochromator. Initial adjustments were

made by visually observing the lines appearing at the exit slit, while

finer adjustments were made by placing the photomultiplier at the exit slit.

2.3 SPECIAL ELECTRONICS FOR IN SITU MEASUREMENTS

Two elect ronic systems were constructed to facilitate the in situ
measurements: (1) The positioning and ratioing system was used to deter-
mine the sample position for 1 minescencc measurements and to accept and
ratic PM tube signals during reln:.ive absorption measurements. (2) The
beam stecring syste.n was used to divert the Dynamitron beam for making

transient absorption and luminescence measurements.
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2.3.1 Sample Positioning

As mentioned in Section Z.2.1, four samples were mounted simuitan-
eously in the sample chamber. The sample wheel could be rotated and its
position determined by means of an analog-to-digital, mechanical shaft
encoder. The encoder output (an 8-bit Grey code) was connected to a
reader and indicator circuit. This circuit performed the following func-
tions. (1)} It displayed the encoder binary output by mears of eight LEDs;
(2) it allowed any encoder cutput to be exclusively designated as sample
wheel positions 1 through 8 (four sarmle positicas and four reference
positions); (3) it displayed which, ir any, of the eight sample wheel
positions was in the optical path. As mentioned earlier, the sample wheel
was driven remotely; therefore, any sample wheel position could be placed
in the optical path within the resolution of the encoder output (256 bits
for 360° of rotation).

2.3.2 Ratioing Electronics

When making relative absorption measurements, two identical optical
paths are normally used. This method has two significant drawbacks: (1)
it requires that the optical components in the reference and sample paths
be closely matched — i.e., that the spectral response of the reflectivity
be closely matched, which is difficult and expensive; (2) in the VUV,
reflectivities can easily be down in the 70 to 80% range even for good
opticel surfaces, and since the dual-beam method requires at ieast two
reflecting surfaces, this introduces a reduction of the UV signals not
found in a one-mirror system.

To circumvent these difficulties, we developed a single-beam method
to make relative absorption measurements. Instead of two optical paths,
the sample was rotated in and out of a single optical path (shown in Fig-
ure 2). The electronics used to make these measurements are shown dia-
grammatically in Figure 8 and schematically in Figures 9 and 10. The
sample wheel was rotated at 110 RPM with as many as four samples mounted.

The photomultiplier output was presented to the log amplifier, the output

18
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