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FOREWORD

The work deseribed herein was done at the United
Technologies Research Center, under NASA Con-
tract NAS3-18928, with Mr. R. A. Lindberg,
Materials and Structures Division, NASA-lewis
Research Center, as Project Manager.
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SUMMARY

The primsry objective of this program was to evaluate the factors that
influence the lifebime of alkali-halide windows for use in high-power lasers
in a space enviromment. Projected lifetime requiremen%s for space missions
are on the order of 10,000 hours and longer. Data generated under the vrogram,
together with supporting analyses, are used both to predict window life-
time and to establish. specifications for long-life windows.

The method of approach in the program involves the exposure of alkali-
halide test windows to hard vacuum, high temperature, and high 10.6 micro-
meter flux loading_(carbon dioxide laser radiation) and monitoring the optical
properties of the test windows. Both the temperature and irradiation exposure
tests were conducted with the windows under a pressure. preload sufficient to
raise the outer fiber stress at the center of the window to 30 percent of the
room temperature yield stress for the material, These optical properties along
with pertinent mechanical properties have been determined as a function of expo-
sure history for time periodsup to 100 hours to provide insight into the mechan-
isms leading towindow damage. These results have been extrapolated to the very
long exposure times required for space missions.

Following is.a summary of the program which has been conducted to evalu-
ate both single-crystal KCL and europium-doped polyerystal -KC1l test windows
supplied by NASA.

Task I - Material Characterization

The following properties have been measured with the windows in the
as-received condition:

1. Single-point determinations of Poisson's ratio at 20, 66, 118,
179 and 250C,

2. Single-point determinations of yield stress in bending at 20, 66,
118, 179 and 250C.

3. Single-point déﬁerminations of Young's modulus in bending at 20,
66, 118, 179 and 250C.

Y, Triplicate determinations of average surface grain size of
europium-doped polycrystal KC1.,

5. Single~point determinations of‘the absérptibn coefficient, beta,
at a wavelength of 10.6 micrometers (COp).



R76-912038-12

6. Mualtipoint traverse determinations of the index of refraction and
extinction moduli at a wavelength of 0.6328 micrometers (He-Ne).

7. Multipoint traverse determinations of the photcmefric absorption
at a wavelength of 0.6328 micrometers (He-Ne).

Task II - Single-Crystal Evaluation

In this task the effects of up to 100-hr COo, laser beam exposure of the
crystals were evaluated, and the effects of thermal aging in an ultrahigh
vacuum were determined for exposure times up to 100 hours and temperatures up
to 250°C. The single-crystal windows were subjected to two separate experi-
ments. The first consisted of simultaneous exposure to 10.6 micrometer irradi-
atlon and high vacuum loading. The second consisted of operating the windows
at elevated temperatures while under a high vacumm loading to determine if
thermal aging effects were present.

Taser Beam Ixposure

- The major elements of this experiment were the development of the
exposure chamber and window mountlng techniques, the exposure tests, and the
crystal evaluation.

An exposure chamber and window mounts were developed to mount four
windows, each with one face exposed to an oil-free ultrahigh vacuum (107° torr)
and the other face expoéed to a constant pressure of pure nitrogen. The
nitrogen pressure was adjusted so that the total prestress at the ceriter
portion of each windowwas approximately 30 percent of the yield stress. The
apparatus included a means of exposing all four windows -simultaneousiy to
predetermine power densities of €O, laser radiation.

The test windows were exposed to cw COp laser beam radiation for cumula-
tive times of 1.5, 4.3, 12.3, 35 and 100 hours. After each successive
exposure period the windows were demounted and measurements made of ‘the
absorption coefficient, index of refraction and extinction modulus. The power
density levels at the four windows were set at 1000 W/cm lh95 W/cm R
2236 W/cm and 5000 W/cm R respectlveLy. These levelsg were based on the
average intensity in the l/e2 spot of a Gaussian mode beam.
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Evaluation

Nondestructive tests of the windows afier each-exposure period included
(1) megsurement of the absorption coefficient, B, at'10.6 micrometers using a COo
laser absorption calorlmeter and (2) measurements of the absorption coeffi-
cient and index of refraction in the visible at the 0.6328 micrometer wave-
length using a cw He-Ne: laser.

Crystal Evaluation

During the course of the experiment, one test window failed by mechanical
fracture .and another was removed from testing because of the ‘possibility of
contamination. The four windows that completed the test cycle showed a slow
increase in the 10.6 micrometer abgorptivity with considexrable fluctuation
during the 100~-hour test.period. 'A model has been developed to predict the
10. 6:mlcrometer absorptivity as a function of time. No strong correlation
between the 10.6 miérometer absorptivity and the visible optical properties
was discovered. There are isolated cases where one or the other of the visible
properties does show strong correlation to the 10.6 micromeber absorptivity.
No correlation between the intensity of irradiation and the rate of increase
of the 10.6 micrometer gbsorptivity was observed.

Phermal Aging of Windows

The major elements of this experiment were the development of the -
temperature-aging chamber, the aging tests and the crystal evaluation.

The general requirements for this apparatus were similar to those for the
exposure chamber. . In this experiment five windows were mounted, each with one
face exposed to a 107" dorr oil-free vacuum, and the other face exposed to a
pure No pressure sufficient to provide a prestress to 30 percent of yield. In
addition, provision was made to heat the crystals to temperatures up to 250°C.

Aging Tests

The five test Windoﬁs:were simultaneously aged for cumulative times of
1.5, h.3,.12.3, 35 and 100 hrs. The five windows were maintained at tempera-
tures of 20, 66, 118, 179 and 250°C, regpectively, Opbtical measurements of
the crystals were made after each successive aging period.
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Testing - of -the windows exposed at 179° and 250°C was terminated at
4.3 hours of cumilative exposure with the consent of the NASA program manager.
Deformation of these windows due to creep was so severe that the possibility
of an implosion in the test rig required their removal. An experiment was
devised to measure the ophtical flabness of the remaining test windows and
measurements were initiated at the 12.3-hour test point. These measurements
showed the presence of creep in all the remaining windows with the exception
of the window at 20°C. A model predicting the time and temperature dependence
of the radius of curvature of the window has been developed. The 10.6 micro-
nmeter absorptivity of the test windows was found to increase with time. The
rate of increase of the 10,6 micrometer absorptivity was found to be higher
for windows with a low initial 10.6 micrometer absorptivity and to increase
with increasing exposure temperature, Models for the rate of increase are
presented. There was no general correlation of the 10.6 micrometer and visible
optical properties, although in isolated instances strong correlations have
been found between the 10,6 micrometer absorpt1V1ty and the index of refraction
and % transmittance at 0. 6328 micrometers.

Task IIT -~ Evalunation of Europium-Doped Polycrystal KCL

In this task the experiments performed under Task IT with single-crystal
KCL were repeated with the europium-~doped polycrystal KCL. With respect to
the irradiation testing, all four of the europium-doped polycrystal KCl win-
dows survived without incident to the 100-hour test point. As in the single-~
crystal material, a general increasing trend was observed in the 10.6 micro-
meter absorptivity. The rate of increase in the 10.6 micrometer absorpbtivity
was found to be dependent on the initial value of absorptivity. As  in the
single-crystal material, low-sbsorptivity windows are damaged at a faster ratbe.
No correlation between the rate of increase of absorpbivity and intensity was
found., A model predicting the temporal variation of the 10.6 micrometer
absorptivity has been developed to predict absorptivities at long exposure
times. The correlation of the 10.6 micrometer optical properties with the
visible optical properties again yields isolated examples of correlated
behavior but no general trends for all four windows.

During the course of the thermal aging test of the eurcpivm-doped poly-
erystal KCl, two of the test windows cracked. In both cases the windows
remained intact and continued to-carry the design pressure preload to the
100-hour point. The 10.6 micrometer absorpbivity of the test windows showed a
general increase in time with significant fluctuations. Departing from the

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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previous experiments, the rate of ‘increase of the 10.6 micrometer absorptivity
showed no strong correlation with either temperature or the initial value of
the 10.6 micrometer absorptivity. The index of vefraction at 0.6328 micro-
meters shows several examples of very strong temporal correlation. Creep was
also observed in these test windows but only in the windows tested at 179°C
and 250°C, A model predicting the time and temperature dependence of the
radius of curvature of the windows undergoing creep has been developed.,

Task TV - Prediction of Longer Term Effects

Analysis of the data generated in the previous tasks has agllowed the
formulation of models that may be used to predict the 10.6 micrometer absorp-
tivity of single-crystal KC1 and europium-doped polycrystal KL for long-term
exposure to irradiation. Models for the rate of deflection or change of
radius of curvature of the window materials as a function of - temperature and
time have been developed,
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INTRODUCTTON

The achievement of reliable high~power, cw, CO, lasers has indicated a
need for the rapid expansion of the research and development efforts to pro-
duce a reliable high-power window material, Many of the potential applications
of the high-power CO, lasers are such that an aefodynamic window is either
technically or financially impractical. This is especially true for antici-
pated NASA missions which will reduire long operating times and minimal gas
consumption. A measure of the increased efforts to produce reliable material
windows can be seen in the growth of the Annual Conference on High-Power
Tnfrared Laser Window Materials sponsored by Air Force Canmbridge Research
Iaboratories. With respect to thealkali-halide materials, divalent ion doping
and the creation of a fine grain polycrystalline structure (Ref. 1, 2) have
emerged as technidques for greatly enhancing the strength of the halide. Double
hardening (the simultaneous use of two hardening techniques) has also been
demonstrated (Ref. 3). Reduction in the extrinsic absorptivity of the halides
have been made and material with absorptivity essentially at the intrinsic
multiphonon level has been produced (Ref. L4, 5). C(onsiderable theoretical
work has also been produced, investigating the absorption process itself, such
as the work of Sparks (Ref. 6). Investigation of direct damege mechanisms has
been confined to a large degree to pulsed systems.

Under Contract NAS3-18928 sponsored by the NASA-Iewis Research Center the
United Technologies Research Center has conducted an investigation of the
damage mechanisms in alkali-halide window materials for use in high-power
lasers. The primary objective of the program was to predict the iife expec-
tancy of these windows under conditions that prevail in space. The goal was
to predict the window properties for useful lifetimes of" 10,000 hours and
greater. In this program both single crystal KC1 and europium-doped polycrys-
tal KCl1 were evaluated. The evaluation was made by monitoring selected opti-
cal and mechanical properties of the NASA-supplied window materials under con-
ditions of temperature and cw COo lager radiation exposure in a ecarefully con-
trolled environment.
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TECHNICAL PROGRESS SUMMARY

Characterization of KC1 Window Optical Parameters at 0.6328 Micrometers

In this part of the program the absorption coefficient, refractive index
and extinction coefficient of NASA-supplied KC1 laser windows were measured at
a wavelength of 0.6328 micrometers as a function of 10.6 micrometer exposure
and temperature aging conditicns. The initial goals of this effort were to '
obtain accurate and repeatable data on these optical parameters. The methods
employed were restricted to noncontacting techniques to avoid the possibility
of window contemination. Additilonally, since these materials are hygroscopic,
all measurements were performed in a dry, inert gas atmosphere. A technique
based on measurement of Bréwster's angle was chosen for the refractive index
determination, and the absorxption coefficient at 0.6328 micrometers was mea-
sured by direct comparison with a standard window. Once absorption and index
are known, the extinetion coefficient can then be caleulated using the follow-
Ing equation:

_ Bx
Sl (1)

where k is the exbinction coefficient
B is the absorption coefficient at wavelength
A is the wavelength of light used (0.6328 micrometers)
7 is the index of refraction at wavelength

Refractive Index Measurements

The refractive index measurements were carried out by means of an
experimental setup deseribed in Ref. 7 and shown schematically in Fig. L.
This Brewster's angle measurement technigue was originally intended to be
carried out by first aligning the sample so that the incident beam is reflected
directly back upon itself (retroreflected) and then rotating the sample until
the reflected beam intensity for "p" polarized light goes to zero. The angle
through which the sample is rotated is then equal to Brewster's angle, and the
index can be calculated directly from this angle. With this procedure, the
initial sample orientation is as important to data accuracy as measurement of
the angle at which minimum reflected intensity occurs. Thus, the alignment of
the sample was to be performed using accurate retroreflected light and inter-
ferometric techniques. However, during the initial checkout and alignment
phase of the program, it was determined that the reflected beam intensity was
not sufficient to implement this approach.
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In a new approach, a four-quadrant, two-axis, position-sensitive
photodiode was chosen instead to perform the initial alignment, and its loca-
tion in the system is dindicated in Fig. 2. This device generates two signals
one of which is proportional to the deviation of the impinging laser beam from
the detector's vertical axis and the other is related to the deviation of the
beam from the horizontal axis. To illustrate how initial alignment of the
sample is achieved with this device, four different output signals and their
corresponding beam positions are presented in Tig. 3. As shown, the signals
obtained from the position-sensitive photodetector are for (a) beam centered
on both axes, (b) beam wnbalanced vertically, (c) beam unbalanced horizontally
and (d) beam unbalanced both vertically and horizontally. The amplitude of
the square wave is directly proportional to the distance from the center of
the 1ight beam to the appropriate axis. -

The sensitivity of this method was determined using a glass optical flat
mounted in the sample holder and aligning it with respect to the detector by
means of the manual rotary and tilt stages. Slight changes in the sample
orientation were then made while monitoring the -signal from the detector. It
was determined in this fashion that a change of 2 arc seconds produced a change
in the output signal of about 15 percent. Repetitive trials have shown that
errors as small as + 1 arc second can be detected using this system for sample
positioning. This %ﬁpe of error in determining Brewsbter's angle for XC1 (n =
1.4800, ¢ = 55° 57' 15") would mean an error in the index of 1.5 x 1077, As
will be discussed later, this is approximately an order of magnitude less than
the repeatability of the data at any one position, and therefore this alignment
procedure will not 1imit the overall accuracy of the measurement. TFor initial
calibration of the apparatus the detector was mounted at an arbitrary sngle
with respect to the incident beam (qn), as shown in Fig. 4. Tts value was
determined by placing a glass optical flat of known refractive index (as deter-
mined by the UTRC abbe refractometer) in the semple holder and adjusting the
beam for a null on the position- sensor. Then the rotary table. was incremented
until the angle of minimum reflection was found. Once.this angular difference
(A¢) between the starting angle ¢, and the Brewster angle ¢ was Imown, the
value of @, was determined knowing the refractive index as follows:

gy = [evc tan (2)] - a0 @

This angle ¢ , was determined by the above procedure to be 14.83308°, and is
used in all data.

Computer Regression Analysié -

While the determination of ¢, was- being made it also became evident that
the reflection coefficient for "p" polarized light did not have a well-defined

8 REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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minimum, but instead was a fairly wide based parabola. This phenomena is
attributed to minute surface imperfections of the sample (grinding and polish~
ing marks as well as impurities imbedded in the surface). In order to deter-
mine the position of the minimum value with a high degree of accuracy, a com-
puter regression analysis program for the UTRC PDP-6 computer system was
written. This program generates coefficients for polynomials of successively
increasing degrees. As each set of coefficients for each polynomial is cal-
culated a least squares analysis provides a measure of how well the generated
formula fits the input data., When there is no improvement to the fit between
successive polynomials the program terminates. (Almost all data acquired in
the'resegrch program are successfully explained by a second degree polynomial
fit.) 'The final equation is then differentiated, set equal to zero and solved
for the angle at which minimum reflection occurs (p¢). The starting angle &
is added to and the tangent of the resulting angle is the refractive index
of the sample at that position.

N.B.S. Reference Standard

In order to establish traceability to N,B.S., the index of KC1 Single
Crystal material at 0.6328 micrometerswas measured by N.B.S. using a method
which did not require surface contacting fluids. This method, which measures
the minimum deviation through a prism did reaquire, however, that the sample
be cut in the form of & prism. This was accomplished without affecting the
utility of the sample as a reference standard in our system by removing chordal
slices from the sample as shown in Fig. 5. The probe beam was then directed
into the sample and a measurement made of the minimum deviation angle D.. By
knowing -the wavelength of light and the apex angle of the prism (g) the index
at wavelength ) can be calculated from Wewbton's Formula:

ny = sin(a+Dp/2) (3)

sin{a/2)

This measurement has been performed and the index found to be 1.4880k + 5 x
1072,

Determination of System Accufacy

Before analysis of the NASA samples was performed, a glass optical flat
of known refractive index was mounted in the sample holder and a series of
three independent measurements were made which yielded a maximum variation in
the index of 9.6 x 10~2. Tt should be nobed, however, that this value applies
to glass which was found to have a sharper minimum than KCl. It was later
found that a variation of 2 x ZLO'l+ was obtained for repeated measurement at
the game location on a KCl sample.
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Analysis of NASA Samples

Refractive index data has been accumulated for some of the single crystal
material at five positions along a diameter, starting 25.3 mm from the edge, as
shown in Fig. 6. It was anticipated that the refractive index would be constant
for each sample’ and slight variations would occur from sample to sample. How-
ever, the data show that this is not the case. Some samples such as Pamples 1
and 8 exhibit a low index near one edge, rise to a Ppeak near the center and then
begin to drop off. However, Samples 5 and T appear to have almost a constant
index along the diameter (see Tables 5and 9). In addition, the average index (for
the samples tabulated) ranges froma low of 1.4778 toa high of 1,4836 indicating
a variation of 0.0058. This value is considerably greater thanwas first anbicipabed.
Since this variation exceeds the repeatability figure by more than an order of
magnitude, it is not likely that this can be attributed to system error,

The point-to-point variation in the index of refraction data cbtained to
date is considerably larger bthan was originalily anticipsted. The measurement
of Brewster angle is a surface measurement. The angle at which the magnitude
of the "p" polarization wave goes through zero is debermined by the change in
index at the surface and does not represent an average of the bulk index ag doess
transmission techniqﬁes_ such as the minimum deviation technique used by N.B.S.
on the prism gample. We are unable at the present time to determine if the
severe fluctuations in index observed in the number 1l sample are purely a sur-
face phenomena or Whetl-IEIj the bulk index ig_ actually changing by this amount.

Absorption Coefficient Measurement

Measuring absorption of IR radiation in mabterials is performed by attaching
small thermocouples to the material, suspending it in vacuum and irradiating it
with an IR laser emitting 50-200 watts. The temperature rise over a known time
period can then be related to the absorption coefficient. In order to perform
this measurement at 0.6328 micrometer, a laser of similar power would have to be used.
This is not possible with present state-of-the-art He-Ne lasers. The maximum
power currently available is 0.05 watts which would require several hours of
irradiation to produce only a 0.1°C temperature c.ha.n;ge. (Radiation and conduction
of the thermocouple wires would then constitute a significant source of exrror. )
Bermmett et al (Ref.. 8), at the Michelson Laboxatory have succeeded in measuring
absorption of a prism sample with a He-Ne lagér. 'They used a scamning mirror and
measured transmitbed beam intensity‘fluctuation as ‘a functbion of" sample thickness.
In the present case the KC1 material is not in a prism configuration, and there-
fore, this proven technique is not applicable. The techniqueused on these ‘samples
must therefore be a direct absorption technique Whlch does not require spec:La,lly
prepared prism samples,
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Ag showm in Tig. 7, the system selected for making these absorpbion
measurements consists of a He-Ne laser beam which is split egually into two beams
(reference and sample beams). These beams are directed through a chopper which
allows passage of the beams albternately fhrough the refevence and test samples.
The beams are then recombined at the second beamsplitter and impinge upon the
photodetector. The photodeteci:or outvut signal is a low amplitude square wave
modulsation riding upon a d.c. signal (proportional to laser power). The square
wave amplitude is directly related to the differential absorption bebween'the
two samples. A lock-in amplifier is used to sense the a.c. component which is
in proper phase with respect to the optical chopper. The lock-in selected for
this system automatically corrects for any fluctuations in laser output power
or photodetector sensitivity eliminating this possible source of error.

Telephone conversations with Drs. R. Foreman and A, Feldman at the N.B.S.
indicate that direct N.B.S. traceability of the absorption coefficient at 0.6328
micrometers is not possible. Work presently being carried out in that group is
directed toward such capabilities. Currently, neither an absolute power meter
of sufficient accuracy nor a vacuum calorimeter of the type required for preci-
sion measurements of this type exist. It is anticipabed that the current program
at N.B.S. will yield data in one %o btwo years, which will make traceability
possible at that time, Additional conversations with Dr. J. Harrington at the
University of Alabama at Hunbsville indicate that measurements of the type
required in the present NASA program have not previously been performed. We pre-.
sently anticipate that the technigue of differential absorption measurements
previously described should be capable of providing measurements of changes in
the absorptivity of the samples down to the level of 1 part in 1077, but at pre-
sent have no direct way to calibrabte the standard to make the measurement abso-
lute. Bennett (Ref. 8) has developed a technique of obtaining absolubte absorp-
tivity, but it requires a prism of the sample material. This approach may pro-

" vide an absolute reference on which to base the differential measurements.

The high values of absorption encountered with the europium doped poly-
crystalline K01at0.6238 micrometers (see Tables 6 and 12) raise the questionof its
potential influence on the utility of the materialasa 10.6 micronwindow. The visible
absorption experiment measures the forward power transmission ratic. The absorp-
tivity determined by this experiment is a measure of the bulk absorption and
scattering in the sample. The absorption and scattering losses are inseparable
in this experiment. The power transfer equation for a medium that both absorbs
and scabtters takes the form )

11
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% - -BP - oP )

where B iz the a'bsorptiv:ity and ¢ is the scattering coefficient. The forward
power transmission experiment determines the sum of 8 and o by the solution to
Eq. (1) which is

_(B.{.c):_‘j_nw

® 1) 2
where we have neglected the front and back surface reflections. At this point

we do not know the actual value of B or ¢ but only their sum. Visual observa-
tion indicate that the europium doped polycrystalline maberial is an active
scattering medium. For the number 6-C test window (see Table 6) the sumofp and o is

0.82 cn™at 0.6328 micrometers. The impact of this large extincetion rate for the
propagating signal at 10.6 micromebers could be estimated if we lmew the size of
the scattering centers. For example, if the scattering cenmters are large com-
pared to 10 micrometers in radius, the scattering is the asymptotic form of Mie
scattering or nonselective scatiering. In this case the scattering loss would be
the same in the visible and the infrared. If the scattering centers are small
compared to 0.6 micrometers the mechanism is Rayleigh scatbering. Tu this case

we can also directly estimate the scattering at 10.6 micrometers from the visible
data. The scattering coefficient would be reduced by the ratio of wavelengbhs to
the fourth power. A scattering coefficient of -0.82 em™t at 0.6328 micrometers
would be reduced to 8.3 x 107° em™l at 10.6 micrometers. If the scatbering cen-
ter size is inbermediate between these extremes the mechanism would be Mie scab-
tering., Calculations of the scattering coefficient would reguire a measure of
scatterer size distribution, number density and index of refraction. The other
potential approsch would -be a direct measurement of the 10.6 micrometer scattering.

On the basis of the large losses at .6320 micrometers and the fact that
the 10.6 micrometer loss is relatively small, we can eliminate nonselective
scatbering as the mechanism. We cannot at this point determine if the observed
scatter is Rayleigh or Mie.

10.6 Micromeber Absorption Measurements

The 10.6 micrometer absorptivity of the single crystal KC1 samples has been
determined by calorimebric techniques. TFigure 8 shows the calorimeter chamber,
sample mount, focusing optics and water calorimeter used to carry out -the measure-
ments. Under operabting conditions, the chamber is purged with dry nitrogen to
avoid contamination of the sample windows. The sample is mounted in an aluminum
mounting ring which is suspended from four thin wires. The field stops shown in
Fig. 8 were included to minimize the possibility of scattered radiation generated
by imperfections in the focusing lens and reflections from the water calorimeter

from reaching the thermocouples.
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The measurements of sample temperature were made with a set of eight
copper—-congtantan thermocouples which are connected in series electrically.
Pour of the theymocouples are mounted on the aluminum ring which holds the
sample, and four are abtbtached to the chamber wall. The two sets of four thermo-~
couples are connected so that the induced emfs oppose each other. Thus the
measured quantity is at a voltage proportional to the temperature difference
between the chamber inberior and the sample. The chamber interior temperature
is determined by two principal factors. The first is the temperature of the
room and the second is the temperature of the cooling waber in the waber calori-
meter that absorbs the beam btransmitted through the sample. The cooling water
is maintained at the temperature of the room by an active regulating system.
This technigue has been found to minimize the time required for a sample to
equilibrate when it is introduced into the chamber. FEven with these precautions
there are still diurnal fluctuations in the sample chamber temperature difference.
These can be seen in Fig. 9 as a baseline drift before the sampleé was irradiated.

Figure 9 shows typical data of the temperature rise of a sample window under
irradiation. The oubtput of the thermocouple network is fed to a Hewlebt Packard
HP-425 microvolimeter and the recorder output of the voltmeter is used to drive

the sbrip chart recorder. The transmitted power is determined in a similar manmner

using another voltmeter and recorder. The 10.6 micrometer signal used to irra-
diate the semple was provided by a CRL Model 41 laser operating at the 30 to 4O
watt power level,

The calculation of the absorpbivity of the individual windows has been
carried out using a minor modification of the analysis of Weil (Ref. 10) who has
derived the following expression for the time rate of change of temperature of
an absorbing body under the assumption that the radiation is coherent.

3T BLEp n2+1 (6)
ot B mey 2n | ]

Equation 6 assumes that the radiation is incident normal to the surface of a
parallel sided sample and rélstes the temperature to the transmitted power By,
the absorptivity B, path length L and index of refraction n of the material.

The product ey, is the heat capacity. The two major assumptions inherent in Eq.
6 are that the product BL be small compared to unity and that the rate of heat
loss by the body is small during irradiation. The magnitude resvriction on BL
is reguired in the analysis of Ref. 10 to allow the linearization of the exponen-
tial propagation constant for the wave. Weil assumes that this is satisfied for

valuesof BL<0.0l and in our experiments the value is on the order of 1073 or less:

Examination of the data in Fig. 9 shows that the rate of heat loss after the
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irradiation is temminated is of the same order as the rate of heat addition
(i.e., the sample does not remsin isobhermal after irradiation). The correction
for the nonzero rate of heat loss due to conduction through the sample support
wires and by free conveckion ig carried out using the formalism of Hass et al
(Ref. 9) who hawve shown that the correction for finite heat loss takes the .form

(3:m2), '
] = BLPp — (7)

when the partial derivatives of the temperature are evaluated at the same tem-~
perature T at time tl during irradiation and t2 during the cooling cycle. This
technique also cancels out any linear component in the baseline drift. The two
partial derivabives of temperature are shown as My and Mo respectively in Fig. 9.

The heat capacity which appears in Fgs. 6 and 7 represents the total heat
capacity of the body and in our case this is the sum of the window heat capacity
Plus the heat capacity of the mounting ring. The mounting ring is construched
of aluminum and weighs 0.066 kg. The heat capacity of the ring and window was
taken to be 1h3.5 J/K°. ' The mounting ring represents about 40 percent of fhe
total heat capacity and is designed to allow rapid heat transfer to the thermo-
couples without the use of heat transfer compounds, which might contaminate the
window. The responsivity (i.e., the AT for unit power absorbed) could be increased
by eliminating the ring but we would then be faced with the problem of mounting
the thermocouples directly on the sample.

The accuracy of meagurement of the 10.6 micrometer absorptivity of the
test windows has been improved significantly. The initial absorpbivity measure-
ments of the single crystal KC1 showed a run-to-run variation in the measured
value of more than 20 percent in scme cases. The major cause .of the variation
was traced to the reference thermocouples which were being affected by small-
scale fluctuations in the room -temperature. When these thermocouples were
insulated to prevent the room temperature fluctuations from reaching them, the
variation was reduced to a few percent. The reference thermocouples were attached
‘to the calorimeter cover plate which also served as the sample support. Insula-
tion of this cover plate with 5 cm thick fiberglass insulation in the form of a
cover box was sufficient to produce the reduction in the run-to-run repeatability.

Window Visual Condition

Initial visuval inspection of the single crystal KC1 windows was carried oub
as the windows were unpacked for the absorptivity measurements. The optical
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surfaces of the windows were of good quality and almost completely free of
scratches and digs. The edges of some of the windows are a pobtential problem
area. There appears to have been a variation in the technigue of cutting the
windows to size. A1l the windows appear to have been cubt with a string saw.
One group appears to have been cut with a very wet string. This group had the
typical large scale irregularities associated with string wander but on a smaller
scale the edge is quite smooth. The other group had a similar appearance with
respect o the large scale irregularities bub on a small scale they were rela-
tively rough, giving the appearanceof having been cut with a very dry string.
Several of these windows had a séries of cracks extending radially inward

from the edge. Almost all the cracks lie in planes parallel to the opbical
faces of the windows, with a typical size on the order of 1 mm x 1 mm and a
maximum size in Sample 3, where one crack reached about Y mm radially inward
and was about 8 mm in azimmthal extent at the oubtside edge. Figure 10 shows

a photograph of Sample 3. The extensive crack on the left hand edge at The

8 o'clock position is not a single crack but a series of unconnected smaller
cracks at different heights in the window. The foreshortening effect of vho-
tographing at an acute angle makes them appear o merge.

Irradiation Testing

The irradiation testing of the single crystal XCl and polycrystal europium
doped KC1 was carried out to the 100 hour level for both sebs of test windows.
The test windows were characterized opbically at the prescribed test intervals
of 0, 1.5, 4.3, 12.3, 35, and 100 hours. During the course of the testing, one
of the single crystal XC1l windows failed under load and one was removed from
the test seguence because of the possibility of contamination. The europium
doped polycrystal KC1 windows completed the test cycle without incident. The
flux levels selected for testing were sufficient to induce significant changes
in the optical properties of the test windows over the 100 hour test period.

Irradiation Chamber Design

In sunﬁla.xy, the basic purpose of the chamber is to allow the simultaneous
exposure of four test windows to 10.6 micrometer radiation in the intensity range
from 1 ki/cm? to 5 kW/cm® with the windows under a pressure-induced prestress
to 30 percent of yield and with one face of each window exposed to a ZLO'8 Torr
oil-free vacuum. The following sections describe the basic optical train and
the construction of both the pressure and vacuuwm systems.
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Optical System

Design .calculabtions were made for the opticdal. §ysbem” that. will provide the
10.6 micrometer illumination. for the irradiation testing phase. An £/12 single
glement focusing system was dselected as the initial design candidate for simul-
taneous irradiation of all four test windows. Assuming a working free aperture
of 2 em for the input beam, a diffraction limited focal spot of 0.024 cm dismeber
would be produced. The only primary aberrabion of importance in this case is
spherical aberration, which is a funecbion of the material index of refraction.
If we assume an index of refraction of 1.5 and an object at infinity (collimated
input beam), the opbtimum lens shape is a plano-convex lens,. and the angular
spherical sberration (ASA) is given by Ref. 11 as.

ASA = 0.7y ®)

where y is the free semi-aperture and ¢ the reciprocal focal length. The trans-
verse spherical aberration (TSA) can be obtained by multiplying (8) by the focal
length giving:

TSA = 0.7 v3¢2 . (9)

For this lens the TSA is approximately 0:0012 cm in dismeter. This is so sma.ll
compared to the diffraction limited spot size of 0.024 cm that the system is
essentlall;y diffraction limited near the focal point, and the Fresnel zone inten-
81ty distributions at points away from the focal plane can be obts.lned using the
analysis of Shermen (Ref. 12). . .

* The test windows were located such that the. degired intensity levels of
1000, 1495, 2236 and.5000 watts/cm® could be obtained with an input power of
1 kW. The spot radii by geometric calculations for the four intensity levels
were 0,56l cm, 0.462 cm, 0.378 cm and 0.252 cm, respectively.

—

Using the baseline optical design, a series.of calculabions of the stabe of
sbress of the windows to be subjected to 10.6 micrometer radiation was ini-
tiabted. The calculations consider the azimuthal hoop stress developed at the
outside edge of the window. From previous experience this is usually the loca-
tion of highest stress due to the thermal loading of the window. The calculations
indicate a tensile stress of 1200 KPa (175 psi) for all four windows. These
stress levels were calculated assuming & 1 kKW beam power level and'a bulk absorp-
tivity of 0.001 cm—+, Separate calculations of the pressure induced stress have
also been made. Assuming a value of ‘Poisson's ratio of 0.3 (a more exact value
is obtained as part of Task I), the requirement for a 685 KPa (100 psi) pressure
induced stress abt the center of the window produces an additional 275 XKPa (%0 psi)
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of azimuthal tensile sbress at the outside vacuum edge of the window. This oub-
side vacuum edge stress is 1475 KPa (205 psi). This level did not present any
appreciable problem for the polytran material with its yield strength of approxi-
mately 21,000 KPa (300 psi), but it did lead to plastic flow and brittle failure
in some single crystal samples, since the yield strength in this maberial is in
the range of 1M00 KPa (200 psi) to 2800 KPa (400 psi). This problem is further
camplicated by the possibility of brittle failure., McClintock (Ref. 13), has
found a brittle to ductile transition at about 21°C. Below the transition tem-
perature the polycrystalline material tested was found to be sensitive to the
presence of cracks and f£laws which produced brittle failure at stresses well below
yield of *the base materisl. These authors did not examine single crystal material,
but the possibility of similar behavior in the single crystal material should not
be discounted. For our test configuration, the maximum stress occurs at the

point of least certainty with respect to the presence of small cracks and flaws,
because the maximum stress occurs at the saw cut outside edge-of the window.

Pressure Chamber Design

The two half-cylinder pressure chanmbers that were used to provide the
Pressure induced prestress can best be seen in the section drawing c-c of Fig.
11. The left half cylinder, which serves as the pressure chamber to prestress
test windows one and four in the test train, also provides the mounting surfaces
for the input focusing element and the calorimeter that will be used to provide
continuous power monitoring; during the irradiation tesbing. The right hand half-
cylinder, which provides the pressure prestress on test windows two and three,
also contains the beam turning opticsg. The turning optics subassembly were
secured to the main vacuum chanber with a combination of bolts and precision
dowel pins. The dowel pins bhave been included to allow precise relocation of the
previous mounting position. This is required since the optics will be demounted
several times in the course of the irradiation test sequence. The pressure cham-
ber has been designed to operabe abt pressure to 630 KPa (90 psi). The actual
required pressure for the strongest material, the europium-doped polycrystalline
material, should be approximately 280 KPa (40 psia) for a simply supported window.
The uncertainty here is in terms of Poisson's ratio whichwas determined as part
of the Task I characterization. For the purposes of the initial design calcula-
tions we assumed a value of 0.3 for Poisson's ratio.

Vacuum Syshbem

In order to provide the cleanest possible vacuum enviromment, the main vacuum
chamber was machined from a single block of stainless steel. The only weld that
is exposed to the vacuum is the inberior weld that secures the chamber to the
eight inch conflat flange. This serves to reduce the problem of weld oubgassing
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to a minimum. The pumping station consists of a set of threemolecular absorption
pumps, to provide the rough vacuum pumping without danger of hydrocarbon conta-
mination of the test windows, and a 500 .6/ sec vac-ion pump to %rovide ‘the high
vacuun pumping capacity to bring the chamber pressure below 107 mm Hg. The
vacuum seal to the test windows was made with a fluorocarbon O-ring manufactured
by the Parker Seal Company. This mabterial is reported to be capable of providing
a high vacoum seal with as little as 15 percent compression. The seal configura-
tion ig designed so that the O-ring is held in slight precompression with the
same pressure on either side of the window. When the vacuum chamber is pumped
downt, the pressure load on the window compresses the O-ring and draws the window
free of the retaining ring, thus producing a simply supported mount that applies
no bending moments to the edge of. the window.

The irradiation test facility was designed to allow simultaneous irradiation
of four test windows at different flux levels while imposing a predetermined
pressure sbress on all four windows. Figures 12 and 13 show the irradiationtest
chamber with and without the pressure preload chambers.

The four test windows were exposed %o the ulfra-high vacuum which was
maintained in the central chamber. Typlcal operating pressures in the UHV por-
tion of the system range from 10-8 Torr to 5 x 109 Torr, The pressures.were:
measured both with the wac-ion pump itself and with a nude ion gage located
between the test cell and the vac-~ion pump.

The test windows were exposed at power densities ranging from 5000 W/ cme
to 1000 W/em?. The exposure levels for the individual windows are babulabed
below. )

KC1 KC1

Power Density Single Crystal Europium Doped Polycrystal
1000 w/em? 49 6-C
11;95 w/em’ 7 5-C
2236 w/em2 8-6 1-¢
5000 w/cme 5 h-¢
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During the course of the irradiation testing of the single crystal windows
two separate-events have oceurred that require documentation. At © = 0.9 hours
during the first irradiation cycle one of the transfer mirrors over heated. We
estimate the mirror reached a minimum temperature of 230°C, the melbting point
of the sclder used to atbach the mirror to its base, The mirror moved and a
sharp decrease in throughput power was observed. The test was stopped at this
point, During this period, the pressure in the UHV system and the preload cham-
ber remained constant. Examination of the various O-ring seals and components
showed no visible signs of damage. It was subseguently detemined that a mirror
in the optical train had moved, and the beam irradiated a tapped hole in the
‘mirror mount, The hole acted as a radiation trap and caused the heating of the
mount. Remedial action included reassembly of the loose mirror mount, refasten-
ing the transfer mirrors to their bases with a silver braze (MP =~ 570°C), plug-
ging the tapped holes that could act as radiabion traps and forced wabter cooling
the transfer mirrors. The test was resumed and carried to the 1.5 hr point
without further incident. Optical test data on the window closest to the trans-
fer mirror (single crystal #8) that moved showed a significant change in the
properties of the window. Window #5 which shared the pressure preload chamber
with #8 showed considerably less change in optical properties. Windows #7 and
#t which were in the other preload chamber showed no major changes in optical
properties.

At exposure time 2.1 hours in the single crystal KC1 testing, the irradiation

was stopped due %o a sudden rise in the UHV system pressure. Window # had
cracked. The pressure preload chamber was removed and the crack, shown in Fig.
14 was photographed. The crack remained stable for about one hour. When the
UHV system was being bled to abtmospheric pressure the crack propagated to the
outside edge of the window. Calculations of the stress distribution indicate
that maximum stress occurs at the oubtside edge of the window. This includes the

composite stress field due to pressure and thermal stress. For the crack to have

initiated where it did required the presence of a flaw or micro-crack to act as
a stress riser in the inbterior portion of the window.

The influence of flaws on the strength of KC1 has been considered by others
(Refs. 13 and 14) who have shown that even in small samples the presence
of flaws can cause congiderable variation in the observed yield. This effect
becomes particularly important in the case of large samples if there is a dis-
tribution in flaw strengbths in the material. The probability of encountering
a weaker limiting flaw increases with the size of the test piece. The only pre-
sent technique that would provide assurance of a minimum flaw strength would be
a proof test such as that developed by Ref. 13.
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The single crystal KCL and europium doped polycrystal KC1.were irradiated
alternately to allow the optical measurements to be made on all eight test
windows at each of the prescribed test intervals. The 10.6 micrometer absorp-
tivity for the test windows as a function of exposure time is presenbed in
Tables 1 and 2. This data is presented graphically in Figs. 15 through 2&. The
visible optical daba giving the variation in the visible index of refracbion and
percent transmission loss are presented in Tables S'through 6.

Thexmal Aging

The thermal aging test of the single crystal KCl and europium doped
polycrystal KC1 was carvried out Through the 100 hour time period. In Ghis test
two separate sets of windows, one set of single crystal KC1L and one set of euro-
pium doped polycrystal KCl were aged abt various temperatures with a pressure
preload to debermine the presence of thermal degradation effects in The window
materials. The pressure preload was set at 30 percent of the yield strength
of the windows. The temperature range investigated was from room temperature
(20°C) to 250°C. Significant changes in the optical properties of the test win-
dows indicate that elevated temperature operation of- these windows may not be
practical. Creep has been cbgerved in both the single crystal KC1 and europlum
doped polycrystal KC1 at elevated temperature.

The 250°C and 179°C single crysbtal KCl test windows were discontinued at-
4.3 hours due to excessive deformation of the windows. Cenberline deflections
on the order of several mm were observed. An experiment aimed alt determining
the rate of deflection was devised. Measurements of the surface flatness of the
individual were initiated at the 12.3 hour ftest point. The single crysbal KCL
windows showed some deflection with time, with the possible exception of The room
temperature sample. The europiuvm doped polycrystal KCL maberial faired signifi-
cantly better. The test windows at 20°C, 66°C, and 118°C showed no detectable
deflection. The 179°C test window showed a very slight deflection as did the
250°C window.

The thermal aging test was conducted in the test chamber shown in Fig. 25.
The chambex wag designed to allow the simultaneous testing of both the single
eryatal XC1 and europivm doped polyerystal KCL. Since these two sets of test
windows required different pressure loads to produce the desired stress level
(30 percent of yield stress), the chamber was designed with two independent
pressure chambers sharing a common high vacuum chamber, This allowed the parsllel
testing of both sets of test windows. The individuwal windows were tested at
temperatures of 20°C, 66°C, 118°¢, 179°C, 250°C. The individual windows were
mounbed in individual test fixbtures shown schematically in Fig. 26. The table
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below identifies the specific windows tested at each temperature. The guartz

Sanple Test Temperature
13 8-c 200 ¢
1h. 14-¢ 660 ¢
2 15-¢ A 1180 ¢
10 7-C 179° C
1 12-¢ 2500 ¢

serves to minimize the heat conduction to the chamber walls and provides an
optically smooth sealing surface for the O-ring seals. The shield and heater
mechanism are designed to completely enclose the test window with the excepbion
of a small hole in the shield that allowed the equalization of the pressure on
both sides of the shield. The shield is reauired to eliminste convective cool-
ing of the test window on the pressure loaded side. The initial design calcula-
tions showed that if edge heating alone was employed, high stress levels would
be induced in the window because of the convective cooling of the pressure loaded
face. The shield as presently designed uses both edge heabing and convective
heating from the ghield to maintain the test windows at the desired tempersture.
The O-ring seals used in this test chamber are designed in the same manner ag
those employed in the irradiation with the excepbion that the O-ring material
was selected to produce an O-ring with a "Shore A" hardness of 50 to 55 at the
operating temperature of the individual O-ring. The three low temperature tesgt
windows operated at temperatures of 20°C, 66°C, and 118°C used Parker fluoro-
carbon O-rings. The test windows operated at 179°C and 250°C used O-rings made
of a perfluoroelastomer marketed by E. I. DuPont DeNemours and Co. under the
trade name ECD-006 perfluoroelastomer. Appendix IT is a preprint of an article
to be published in the "Journal of Vacuum Science and Technology" which provides
deta on the high vacuum properties of the material. This work was performed
under Corporate sponsorship.

The individual windows in each set were aged at temperatures of 20°C, 66°C,
118°C, 179°C and 250°C for cumulative times of 1.5 hrs, 4.3 hrs, 12.3 hrs, 35
hrs, and 100 hrs. At each of these times, the windows were subjected to the
same set of opbical measurements. The absorptivity at 10.6 micrometers (B) was
determined as previously described. The index of refraction and percent trans-
mission loss were determined at a wavelength of 0.6328 micrometers. The 10.6
micromeber absorptivity of the windows as a function of time ig presented in
Table 7. Graphical presentations of the individual B history of each window
are shown in Figs. 27 through 36. The radius of curvature measurements are shown
in Table 8. Tables 9 through 12 present the visible optical properties as a
function of aging time.
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The exposure cycles were conducted in the following fashion. The individual
heaters were energized at a preset voltage. This voltage having been previously
established by calibration runs using quartz windows in place of the XKC1 test
windows. When the temperature of the 250°C test windows reached 90 percent of the
Tinal value, the exposure time count was begun. The heaters remained energized
for the required exposure period and were then turned off. Figure 37 shows a
typical temperature plot for test window #12-C at 250°C for the time period from
35 hrs to 100 hrs. '

-During the course of the testing, two windows were removed Tfrom the test cycle
due to extensive creep and the posgibility of implosion of these windows into the
high vacuum chamber. Test window 8-C which was tested at 20°C cracked during
the period from t = 35 hrs to t = 100 hrs, It is shown in Fig. 38. The cracks
occurred on the compression loaded side of the window and did not penetrate the
vacuum seal. The presence of the cracks was not discovered until the system was
disassembled at the 100 hour point. Test window 12-C which was tested at 250°C
cracked at 96 hrs cumulative exposure and these cracks penetrated the vacuum
system. The dry nitrogen preload gas leaking through the crack forced a shut-
down of the vac-ion pump. The system was suited to the cryogenic pumps which
maintained the vacuum at the 1 mm Hg level to the 100 hr point. The automatic
Pressure regulation maintained the preload pressure on the europium doped poly-
crystal KCl window. Despite this shut-down of the vac-ion pump, we believe the
remaining windows were essentially unaffected by the cracking of window 12-C.

The cryogenic pumps maintained a low enough pressure so thabt the AP across the
window was essentially unchanged and the gas leak into the vacuum system was the
same gas the pressure side of the windows was exposed to, so that contamination
should not be a problem., Figure 39 shows window 12~C at the 100 hour point.
Despite the extensive cracks in both windows neither failed catastrophically.
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DATA ANATYSIS

The data obtained. in the irradiation and thermal aging experiments have
been subjected to standard linear regression analysis to determine the degree
of correlation betwesn the measured optical properties of the test windows
and the major experimental variables, The datawere analyzed in four groups.
The potential correlations investigated include the temporal variation of
the 10.6 micrometer absorptivity (B), the temporal variation of index of
refraction (n) and the temporal variation of the percent transmission loss
( % T). The relation between the 10,6 micrometer absorptivity and the
visible optical parameters were also investigated. For the irradiation
experiments the relationship between the 10.6 micrometer sbsorptivity (B)
and the incident intensity and power were investigated. For the thermal aging
experiments the relationship between the 10.6 micrometer absorptivity and
temperaturé was investigated. An additional experiment has shown the presence
of creep in the thermal aging experiment. These data were analyzed to yield
a prediction of the time rate of change of the window curvature,

The method of presentation of the analysis in this section is to take
the tabular data presented in the experimental section of the report and
reduce the data by linear regression to obtain a least squares fit to the
data. The linear equations are presented in terms of the form of a straight
line y = a, + a)X and two other parameters are given, namely, the number of
data peints used in the calculation of the least squares f£it or the system
degrees of freedom (DF) which is two less than the number of data points and
the coefficient of determination rde. The coefficient of determination or
its square root r;, the correlation coefficient, may be used to determine
the relative "goodness of fit" of the data to a straight line. The coeffi-
clent of determination has a value of 1 if the data is an exact linear
functidn and decreases to zero as the correlation of the data deereases.

The small insert table shown below may be usged to illustrate the interaction
of the coefficient of determination and the number of data points availsble,
The table was constructed by Ref. 20 assuming thata set of data (W points)hasa
zero correlation. The table gives the probability of findinga set of random
numbers that would have a linear correlation with a coefficient of determina-
tion greater than rdg. For example, consider a set of 6 data points (DF = 4)
which exhibits a coefficient of determination of 0.777. The tasble shows

that a set of 6 random data points exhibiting this large a correlation would
occur 2 times in 100 by chance. Alternately, there is a 98 percent probabil-
ity that the data set is correlated.
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Probability of a Larger rd2

DF. 0.10 “0.05 0.02 0.01

1 .976 © .99k 1

2 .81 . 9025 . 9104 .9801
3 .698 L7078 872 .919

ly .531 L6577 LTTT .8k0

5 by .568 .693 .763

10 .27 .332 . 133 501
16 .160 .219 .29l .348
20 . .130 179 .2h2 .288
25 J10h L145 .108 237

Single Crystal KC1 Trradiation

Single Crystal XC1 Absorptivity

The single crystal windows subjected to irradiation did not 211 complete
the test eycle of 100 hours. One window (#4) broke and another (#8) was
removed from the test cycle because of the possibility of contamination. The
linear curve fits obtained for this variation of the 10.6 micrometer gbsorp-
tivity (B) with time are given below

1
Window B = ab(cm‘l) +8q _Eé____ t DF rd2
7 0.00114 2,29(10-0) L 0.102
5 0.000976 .78(10-6) b 0.01k4
8 0.00103 158. (10-6) 1 0.398
b 0.000640 26.7 (1076) 0 1.0
9 0.000980. .70(107°) 3- 0.11k
6 0.000537 h.31(10‘6) 2 0.723

The data show a poor correlation indicating large variations from linear
behavior. All the samples do show a positive slope if we: eliminated from

consideration the window that was believed to be contaﬁinated (#8) and the
window which broke (#4t), both of which show very high relative values of a .
The remaining data sets for windows which survived the test duration were
then analyzed to determine if there was any correlation between the rate of
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increase of Byy g and intensity of the irradiating field or the initial
value of B. The resulting equations are

9810.6 _ 36 (107"} - 1.86 (10-5)1 5

ot
(10)
with DF = 2 and rq° = .00198
Ef%%é = 6.35(107) - 4.77(10°3) B,
(11)

with DF = 2 and rg° = .53

Two points of note arise from these equations. First, there seems to be no
direct correlation with intensity. Second there appears to be a relatively
strong correlation with the initial value of the lO 6 m%crometer absorptivity

(Bo). Also it may be noted that the variation of S involves a negative
dependence on Bos 1.e., Q% decreases as B, increages. Since the data

field used to generate the fit ranged only from 0.00054 =B 0=0.00114, the pres-
ence of a zero in the relationship at B = 0.00135 and the predlctlon of neg-
ative values of lfz52’(,53-1—_1——6—a.bove that should not be considered greatly signifi-
cant,

The apparent variation of the rate of change of 8 with Bo in the single
crystal KC1 window suggests a technique to correlate all of the individual
data. The form investigated is a normelization of B as

B-B _ 5 sax (12)

atb g, © 1

The variable x has been investigated for x = © and x = 4n t. The resulting
curve fits to all the data available for windows 7, 5, 9 and 6 are

B-Bo _g.5kx10" +1.53 x 1075, DF = 19, r.° =0.0417 (13)
atb B d
and
ﬁ-ﬁga 6.4799 + 32.328 gut; DF = 15, v.0 =0.145 (14)
a4
Q

where the constants of normalization were selected as a = 6.35 x.lO"6 and
b = -b.77 x 10-3. The logarithmic time form f£it shows slightly less than 90
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percent probability of correlation. Using this form a value of B at 10LL
hours of 0,00154% cm™! would be predicted assuming a B, of 0.001 cm-l. A
scatterplot of the data and fit is presented in Fig. hO.

Single Crystal KCl Visible Optical Properties under Irradiations

Similar analysis has been applied to the visible optical data. We
have attempted to correlate the variation of the average index of refraction
and the average percent transmission loss at 0.6328 micrometers with time
of irradiation. The direct correlations with time were computed using the
average value of index of refraction (3N;)/n and average percent transmission
loss (£%T;)/n. The variations in the index of refraction obtained were

Window (2N, )/n = a + a X DF rd2
4 1.4860 - 2.733(1073)t 0 1
5 1.4824 + 8.371(102)t b 0.416
7 1.4807 - 4.130(107°)t & 0.0013
8 1.L837 + 2.678(1073)t 1 0.734
6 1.L4866 + 2.78 (107)t 2 0.312
9 1.4867 + 1.929(10° )t 2 0.0078

Only two samples showed significant variation in time, These werewindow 4 which ¢
failed during testing and window 8whichwas removed from testing because it was
believed to be contaminated, The remaining samples show very little organized
behavior in time and very small changes in the average index of refraction
over the time period of cbservation.

The average transmission loss (E%Ti)/n which was computed by averaging
the measured transmission loss at the 5 positions on the sample surface was
also correlated with time. The results of the linedr regression fit are

Window (2%T5 ) /n 2, + aix DF rd2
Y 0.776 + 0.0056t 0 1
5 0.573 + 0.0100% ly 0.616
7 0.827 + 0.00624% .k 0.27
8 1.926 + 0.997+ 1 0.82
6 -0.515 + 0.00559% 1 0.935
9 0.0302 - 3.48(10-M)t 2 0.033
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Sample 8 again shows a radical increase in time. The remaining samples
show a general increase over the 100 hour test period. It should be noted
that a negative value of a, does not indicate a power gain but that the win-
dow in question had a lower transmission loss than the reference sample.

Coupling Effects

To investigate the possibility of coupling effects between the visible
(0.6378 micrometers) parameters and the 10.6 micrometer absorptivity, the
cross correlation of these parameters has been computed. Since the 10.6
micrometer absorptivity was determined in the cenfer of the window, the values
of index of refraction and percent transmission loss were taken at the number
4 test position (the center of the window). The results of the regression
analysis are presented as a pair of equations linking the 10.6 micrometer
gbsorptivity and the visible properties. As in the previous paragraphs the
system degree of freedom (DF) and the coefficient of determination are also
presented,

Window Bio.6 = %o ¥ a,X DF r 2
7 B10.6 = 0.05550 - .03663N L 0.581
Big.6 = 0.0011k6 +  5.65(207°)T L4 0.015
5 B10.6 = 0.012104 - 7.473(0°3)8 b 0.013h4
10.6 = 9-905(10"”) + B.hbh(10-C)gr b 0.00043
8 B10.6 = 0.086235 + . 0587LLTE 1 0,97k
B1op.6 = 0.000433 +  .000264gT 1 0.999
4 , Tnsufficient Data 0 1
0 1
9 | Byg ¢ = -2.607823 - 1.75454N 2 0.604
4T " = 0.008120 - 82,7068 2 0.002k
6 Bip.6 = 0.072252 +  ,0ko65LN 2 0.0017
Big.p = Insufficlent data

The reversal of dependent and independent variables in some of the equations
is an artifact of the computer program used.. It occurs in cases where the
originally selected independent variable has negative valves. The program
automatically reverses the variables. No significant correlation has been
found between the visable and 10.6 micrometer properties.
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Europium~Doped Polycryséal KXC1 Under Irradiation

10.6 Micrometer Absorptivity

A gimilar analysis has been applied to the europium doped polyerystal
KC1 subjected to 10.6 micrometer irradiation. All four of these windows
completed the 100 hour irradiation without incident.

' -1
Window Biog = 2o (cm~t) + a1 ;: t . DFE rd2
b-C 0.00163 + 2.87(10-) 5 0.0143
5-¢ 0.00137 + 345 (1076) 5 0.75711
6-C 0.00408 - 18.8 (1079) I 0.2495
1-C 0.00151 + 5.48(10-6) 5 0.4382

As In the case of the single crystal material the relationship between

. aB10.6 5 the intenéity and By have been investigated. The resultant linear

ot .
regression fits are

oR310.6
04

o3 rdg =0.5 x 10-0(15)

il
It

5.79 x 10-6 - 9,13 x 10~111; DR

0810.6 6
0

As in the single crystal samples almost no correlation is found with the

intensity and a moderatg%y strong correlation is found with the initial value

of B,. The change in 6 is again found to decrease with increasing

BO. In the case of window 6-~C which had the highest value of BO of the test

windows used in the irradiation experiments the average slope of the B-time

data is found to be negabive.

34.8 x 107 - 13.5 x 10% By; DF = 25 ry° =0.638 (16)

Analysis of the four europium doped polyerystal KCI window as individuals
shows an increasing rate of damage with decreasing B,. The same normaliza--
tion parameter used with the single crystal window was again employed in an
attempt to correlate all the data. The linear regression fits for the linear
and log time fits are ’

B-Bo _ 36,778 + 1.5895 t; DF = 24; r % 0.1732 (17)
. atb By - ; d
ail

. . o Lo
B-Bo - _67.403 + 29.319 gn t; DF = 20; v, =0,09109 (18)
a+b B, - d
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where a = 34.8 x 10'6 and b = -13.5 x 10-3. The linear time fit indicates
a probability of correlation in excess of 95 percent. The log time can be
improved by discarding data points that fall well below the mass of the
data on the scatter plot shown in Fig. 41. The fit that results takes the
form

. 2 ;
B_—Bo . _16.9105 + 13.655 m t; TF = 18; r.” =0.15603  (19)
atb B,

Visible Optical Parameters

The visible optical data on the europium doped polycrystal KC1 subjected
to irradiation had been amalyzed in the same manner as the single crystal
material. The correlations between the visible properties and time and cross
correlation between the wisible and 10.6 micrometer properties are presgented
below

Window (ZN;)/n = a, + aqX DF rde
1-C ~1.h4858 - 1.182x107%% 6 0.293
L-¢ 1.48537 - 1.802x10-6% 6 0.0363
5-C 1.48236 + 9.305x10" % by 0.997
6-C . 1.48713 + 5.8kox10-6% 6 0.121

Window (Z%Ti)/n = a, + a,X DF rd2
1-¢ 10.02 - O.758x10"ht 6 0.212
Lg 33.5 - 0.0286% 6 0.126
5 29.0 + 0.0879% 6 0.412
6-C hs5.6 - 0.0L5ht% 6 0.223

No strong correlation is found in general. Window 5-~C shows strong correlation
with the visable index of refraction.

Cross Coupling Effects

The potential correlation of the 10.6 micrometer absorptivity and the
index of refraction and % Transmission at .6328 micrometer has been investi-
gated for the europium doped polycrystal XC1 windows. The resulting linear
regression it equations are
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'DF rdz-
k-G Blo.6 = --374603 + .253305N } .16
Bio.6 = -0093218 - 2.3u3x10‘”%T L .35
5-C B1o.6 = -0371377 - .02382N 2 .Th3
Big.6 = -001020 + 3.768x10™4T L .342
6-C Bio.6 = -~ 743275 + .502036N 4 . 185
© Blo.6 = 002453 + 2,5276x107P%T Ch . 0048
1-C . B10.6 =--1262730 + .08595N 4 . 065
- Blo.g = -001856 - 2.2307x10™74T 4 .01,

No strong cross correlation of the 10.6 micrometer and visable parameters were
found.

Single Crystal XKC1 Thermal Aging Test
10.6 Micrometer Absorptivity

The single crystal KC1 windows subjected to thermal aging showed con-
siderable changes during the course of the 100 hour test period. Two of the
windows did not complete the test sequence. ILarge scale deformation of the
test windows at 250°C and 179°C forced their removal from the test. As in
the previous paragraphs detailing the analysis of the irradiation testing,
the 10.6 micrometer absorptivity data of the individual windows were reduced by
linear regression. The high temperature test windows (1 and 10) were removed
from the test cycle at 4.3 hours so that sufficient data is availsable to
subject these windows to analysis and so they are also presented in the group

Window  Temp.C B 10.6 = a4 & X F r d2
1 — Bi0.6 = 0.000278  + .000k20t 1 0.958

10 - = 0.000450 + .000232% 1 0.997

2 - = 0.00156 + L.72(1076)% Y 0.0024

1k - = 0.001266 +  5.88(107°)% b 0.663
13 - = 0.000835 +  5.31(1072)t L 0,953

In this experiment there appears to be a reasonably good correlation
between the 10.6 micrometer sbsorptivity and the exposure time. In the
equations above,the windows are presented in order of decreasing temperature
and two additional correlation relations have been calculated. These are the
ten@erature dependence of the time rate of change of 10,6 micrometer absorptivity and
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the dependence of the. time rate of change of 10.6 micromeber sbsorptivity
on the initial value of B. The derived relationships are

‘ao - aIT DE rd2
OB '
;0.6 5.637(10°7)  +  1.651(10-6)7 3 0.758 (20)
%
0810. -
_%2_6 - i, 012(107") - 0.283 B, 3 0.73L (21)

Tn this case there appears to be a strong probability of correlation of
the rate of change of the 10.6 micrometer absorptivity with temperature and
with BO. The time rate of change of absorptivity is found to increase with
temperature and is also found to decrease with increasing Bo as did the
irradiation test specimens.

Visible Optical Parameters

The variation in the average index of refraction at 0.6328 micrometers
(ZNi)/n and the average percent transmission loss, (Z%Ei)/n, at the same
wavelength have been calculated in the same fashion as in the irradiation
experiments, These results are presented in order of decreasing test Lemper-
ature

2
Window (&N )/n=a, + a1X DF rg
1 = 1.48449 & 1.727(10"3)% 1 0.64
10 = 1.48510 + 5.73 (1073)t 0 1.0
o = 1.48632 + 3.369(1072 )% b 0.68
1k = 1.48734 - 1.28 (10-Z)t b 0.099
13 = 14859 + 2.178(10" )% L 0.925
Window (£4T;)/n =2, = aqX ' DF rg?
1 = 2.37 _ 1.35% 1 0.089
10 = 0,180 + 0.55% 1 0.887
2 =--0,132 + 0.049t L 0.960
1k = 2.89 + 0 .20Lt L 0.399
13 = 130 + 1.26(1073)% b 0.0062
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There are individual windows that appear to have strong, temporal
dependence. The percent transmission loss in window 2 and the index of
refraction of window 13 display a high degree of correlation. The rate of -
increase of the percent transmission loss appears to be temperature sensitive
from the above relationships. The least squares fit to this parameter is

go * CagX DF 4%

(%)

o = 0.267 + 0.00551T 3 0.811 (22)

which shows a high degree of correlation with the temperature.

Cross Coupling Effects

The possibility of coupling between the visible optical properties and
the 10.6 micrometer absorptivity has been investigated using the technique
described in the section on the irradiation testing. The linear regression
equations relating the visible index of refraction and the percent trans-
mission loss at the center of the window with the 10.6 micrometer sbsorptivity
is given below

indow 8 + a;X : OF 1
1 B10.6 = - .27788 + 0.187882N 1 0.47
Blo.g = -2.547(10-5) +  1.892(10%)¢T 1 0.825
10 Bio.6 = - -184804 + 0.124708 1 0.554
T = -1.6530 + 3.5366(103)510.6 1 0.846
"2 Big.6 = - -16968 + 0.11523% 2 0.016
% = 1.195uk + 289.4B.5 ¢ Y 0.021
14 B10.6 = Lo1Th - 0.32932N 2 0.0209
B10.6 = .00226 +  5.87(107 ) b 0.073
13 Bi0.6 = - .1hho22 + 0.097627TN 3 0.825
% = .236 -

Li,558 b .0.0098
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There is no general trend to indicate a strong correlation. The three
cases which show strong correlation 1 (B15 ¢, %T), 10(%T, B ¢g) and

13 (510'6,N) appear to result from even stronger correlation of the individ-
uval properties with time.

Temperature Dependence of 10.6 Micrometer Absorptivity

The strong temperature dependence of the single crystal KC1 time rate
of change of 10.6 micrometer absorptivity suggests an exponential relation-
ship between the rate of increase of absorptivity and temperature. To this
end we have plotted the natural log of the time rate of change of B versus
absolute temperature in Fig. 42. The data has been fit in two ways. Using
all the data the best fit becomes
"B .6 . TP = 3 7.2 =0.210
n EE x 107} =-0.2991 +0,01077 T; DF = 3 ry =0- (23)
The coefficient of variation can be reduced considerably by excluding the data
point at 391°K. This produces a it with the following form
o8

2
i (—— X 106)=o.9903 +0.00967 T; DF = 2 T

o 5 =0.977 (24)

Using this expression it was possible to obtain a fit to 2ll the absorptivity
data for the single crystal KCLl windows that were thermally aged. The data

and the fit curve are presented in Fig. 43. The resulting least squares fit
takes the form ’

. 6
(B - Bolx 10 = -7.1379 + 13.1L408 gnt. (25)

exp (.9903 +0.009675 T)

2 .
with DF = 17 and rd =0.3577. The probability of a correlation is slightly
gregter than 99 in 100,

Furopiuvm Doped Polycrystal KC1 under Thermal Aging

10.6 Micrometer Absorpbivity

The europivm doped polycrystal KC1 subjected to thermal aging has been
analyzed in the same mamner as the single crystal KC1. The 10.6 micrometer
absorptivity of the test windows has been analyzed and the results presented
below. The results are arranged in order of decreasing test temperature.
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Window

12-¢
7-C
15-C
14-C
8-C

P10.6

a.O'
0.00213
0.00173
0.001k2
0,00148
0.00215

o

+ o+ o4

alX

2. 93(10‘5)t
5.37(1072 )t
1.78(10 )t
1.83(10" )t
h 55(1072 )%

IS -y

0.582 -
0.49l
0.317
0.605
0.774

T, C°

250
179
116
66
20

The temperature dependence of the rate of change of 10.6 micrometer abs'orp—
tivity and the variation with By have been calculateéd for this set of windows
and are given below .

0B10.6

O

and

0B10.6

Oy

Il

1l

3.17 x 1072 + 9.58 x 10“9T

1.215 x 1075 + 2.529 x 1028

There is no strong correlation in either case.

Visible Optical Parameters -

DFE

3

3

2
Ta

0.0029  (26)

0.294

(27)

The variation of the visible optical properties of the eurcpium doped
polycrystal KC1 windows have been computed using the average values of both
the index of refraction and the percent transmission loss at 0.6328 micro-

meters.

Window

12-¢
7-C
15-C
1h-¢
8-C

12-C.
7-C
15-C
-c
8-C

34

(ZNy)/n

(4T3 )/n

]

oo

(o)

1.koo9
1.48735
1.48722

< 1.49112

1.48624

49.0
42,6
10.2
38.9
34h.5

£

t

& lX

8.32(1072)%
6. 6h(1o‘5‘

1.86(10° )t
1.k3(107 )t
3.18(207% )t

1.66(10-2)t
5.40(1072)%
0.018

8.07(1073)%
3.78(1072)t

DF

FE N

P S

Tq

0.493
0.837
0.0788
0.868
0.983

0.0077
0.262
0.178kL -
0.0067
0.086

T, Co

250
179
116

66
200

260
179 -
116
66
20
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The index of refraction data shows several cages of highly ordered
behavior in time. The percent transmission loss (%T) shows no particular
ordered behavior. However, window 15-C which is of more recent manufacture
shows a considerably smaller transmission loss than the remainder of the
group.

Cross Coupling Effects

The 10.6 micrometer absorptivity visible index of refraction and visible
percent transmission loss have been analyzed to determine the presence of
coupling between the properties at 10.6micrometers and 0.6328 micrometers., These
equationsﬁerecomputdiusingthevaluesofindex of refraction and percent
transmission loss measured at the center of the window,

Window BlO.6 = 25 + 24X DF I‘de
12-C = -0.3112785 +  0.210281N L 0.613
= 0.00331 -~ 8.26(10"0)qr L 0.0013
7-C = 1.86990 +  1.25750N 0 1.0
= 0.026467 - . 00065529 T b 0.367
15~C = -0.,068Lo8h +  0.04T36ON b 0.0277
0.0025% - 6.86(1075)4T L 0.0046
14-C = -0.532483 + 0. 3537&&1\15 1 056
= ~0.001632 +  8.485(1077 4T L 0,179
8-C = - 0.203302 +  0.138203N b 0.807
= --0,068438 +  0.002392%T L 0.315

No general trend of cross correlation is observed for either set of parameters.

Temperature Dependence of 10,6 Micrometer fbsorptivity

The europium doped polycrystal KC)l showed no signifieant temperature
dependence in the time rate of change of absorptivity. The least square fit
to the entire data set produced an equation of the form

-@—B“-@Q =-0.050005 +0.L4507 pn(%) - (28)
0
2
DF = 24 ry =0.250
The correlation coefficient for this fit, rg = 0.5, in a system with 2t
degrees of freedom indicates a 99 percent probability of correlation. A

scatter plot of the data set and the fit curve arepresented in¥Fig. bh.
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Creep in Single Crystal KC1 and Europium Doped Polycrystal K(1

The measurements of the optical surface flatness that were initizted at
the 12,3 hour test point on the thermal aging test have been reduced to yield
the time and temperature of the radius of curvature r,. It was more conve-
nient to £it the reciprocal radius of curvature in (meters‘l). As in the
previous calculations the time (%) is expressed in hours and the temperature
is in centigrade degrees. In fitting the data it was assumed that all
windows had an infinite radius of curvature at time t = 0. The single
crystal KC1l least sduares fitsare

2
Window /re = 8¢ + aX DF Ty
13 (20c°) l/rc = 0.022698 + 0.000269% 2 0.303
14 (66C°) 1/r, =  .0.01632 + 0.000983t 2 0.916
2 (118¢°) /v, = 0.239 .+ 0.0119t 2 0.789
The temperature dependence of the time rate of change of radius of curvature
was found to be 2
DF Tq
(1/r,)
oll/r
i ¢ = . 0,00362 + 0.000115T : 1 0.826 (29)
i

With the eruopium doped polycrystal KC1 no creep was detected in the
three low temperature windows (20C°, 66C°, 118C°). The data for the high
temperature windows was reduced to the following

Window 1/x, = &g + aqX DF rgd

7-¢ (179¢°) 1/r., = 0.012307 + 0.000210t -2 0.476
12-¢ (250¢°) 1fr, 0.01943 + 0.000515% 2 0679

1

Since no distortion of the 118C° test window was obse¥ved the reciprocal
radius of curvature was set to zero and using that value as a data point the
relationship between the rate of change of the reciprocal radius of curvature
" and temperature was calculated

DR ‘ ra

) Sg_(l/rc) = 4.713 x lO"LI' + 3.91 x 10—6’]3 1 9%  (30)
t . . Pan
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Mechanical Testing

The measurements of Young's Modulus, yieid stress and Poisson's ratio
were made in four-point bending with a span of 3.81 cm and a cross head speed
of 0.0127 cm/min., The yield strength, Young's Modulus and Peisson's ratio
for the as-received single crystal material are presented in Teble 16. The
same data for the as-received europium-doped polycrystal material is presented
in Table 15. Room temperature measurements of the Modulus of Elasticity,
Poisson's ratio and yield strength for the irradiated and thermal aged
wmaterial are presented in Tables 16 and 17.

The temperature-dependence of the modulus of elasticity, Poisson's ratio
and yield stress are shown for the as-~received materials in Figs. 45 through

50.

Grain Size Measurements

The grain size of the europium-doped polycrystal KC1 has been determined
for both the as-received material and on all the samples subjected to irradi-
ation and thermal aging. The material preparation technique consisted of a
water etch to remove surface damage followed by an alcohol rinse. The samples
were then etched using the technique developed by Slack (Ref. 17) as improved
by Moran (Ref. 18). The etch was a two-component mix. The first part con-
sisted of 95 volume percent ethyl alcohol solution, 25% saturated with BaBr,.
The remaining 5 volume percent of the solution was methanol containing 100
gm of BaBr, per liter. . ’

Figure 51 illustrates that there was quite a large variation in grain
size, It appears some areas here have recrystallized while others have not.
The three photographs selected for measurement were selected as more typical
and away from the outside edge of the window. Three lines were drawn on each
picture and the average intercept length (I) weasured over a large number of
grains using the equation developed by Mendelson (Ref. 19) for the average
grain size (D).

-

D = 1.570 L

The measurements resulted in values of 18.3, 25.7 and 19.9 microns (average
21.3 x 107" cm) on the as-received material.

-
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The grain size measurements for the polycrystal europium-doped KC1
after irradiation and thermal aging were made in the same manner previously
described. QGrain size in all samples was quite varied, Typical areas were
selected in the center section of each window. Figure 52 a 100 x picture of
window 12-C, shows an example where contiguous large and small grain 51ze
material can be seen together. Another point to note is that, when grains
grew or coarsening occurred, not all boundaries grew or moved together., Some
remained stuck within the larger grains and some apparently left behind
residues (impurities?) which formed-subgrain boundaries. Windows 1C, Bc and
6C, for example, reveal subgrain boundaries. For counting grain boundary
intersections, this distinction was noted. If the boundaries etched lightly
compared to the more obvious graln,boundarles, they were not counted for
purposes of grain size debtermination,

Figures 53 and 54 show the irradiated samples at t = 100 hr. Figures

55, 56 and 57 show the thermal aged samples at' t = 100 hr and Table 13 shows
the measured grain size.
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DISCUSSION OF RESULTS

This section is subdivided into three parts in order to present the mate-
rial in as clear a fashion as possible. The single crystal KC1 window perfor-
mance and the europium~doped polycrystal KC1 window performance comprise the
first two sectioas. The third section details areas that appear Lo require
more investigation and considers other potential window materials that were
outside the scope of this program.

Single Crystal KC1 Windows

The single crystal KCl windows that were subjected to irradiation have
shown a general tendency to increase in absorptivity with exposure time. This
behavior does not appear to be a function of the exposure intenéity over the
range of intensity tested (1 Wi/em? to 5 kW/em?). It also does not correlate
with the thermal-induced stress caused by the radial heat flow of the absorbed
laser power. This self-induced thermsl stress would increase directly with the
product of the gbsorptivity and the power transmitted through the window, as
shown in Appendix I. There isg a correlation between the rate of increase of
the absorptivity and the initial absorptivity. The windows with lower initial
values of absorptivity are damaged at a faster rate. Since the calorimetry
experiment used to measure the 10.6 micrometer absorptiviity cannot separate
the contributions of surface and bulk absorptivity, it is not possible at this
point to determine which component of the total absorptivity is increasing or
if, in fact, bobh components are increasing. Avguments that the surface con-
tribution is the more likely candidate to increase are plausible, but at this
point we cannot establish this as fact. A statistical model for the rate of
increase of absorptivity has been developed.

In the course of both the irradiation and thermal aging tests, periodic
behavior was observed in the absorptivity of some of the test windows. The
cycelic rise above the mean growbth rate is of critical importance to the high-
power window designer. The safety margin selected must be large enough to
Prevent the window from being deformed by self-induced thermal stress. By way
of illustration, consider a single erystal KC1 window 10 cm in diameter with a
critical stress of 400 psi (2800 KPa ), If the window has an illuminated area
of 7 em and an absorptivity.of 0.001 Cm"l, the window will be at yield stress
in azimuthal tension at the outside edge at a throughput power of 3 kW. This
azimuthal tensile stress is the result of the thermal gradient caused by heat
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flow to the outside edge of the window. The details of this analysis are pre-
sented in Appendix I. Thus, if peaking on the order of a factor of 2 is
expected in the absorptivity variation with time, the safety factor must be
increased accordingly above the mean growth rate to allow for this.

The calculation of the maximum allowable throughput power for a single
crystal KC1 window for operation to 10" hrs can be made using the statistic-
ally derived growth of 8 (Eq. (14)). This eguation predicts that a single
erystal window with an initial B of .00L cm~) will, at 10% hrs, have a § of
00154 em~1. This increase in B will reduce the maximum permissible power
throughput. Using the analysis of Appendix I and assuming a beam diameter of
7 cm incident on a 10 cm diameter window with edge cocling, the maximum per-
missible power the window can transmit at t = 0 (B = .00L cm~1) is 3 kW. A%
this power level the azimuthal tensile stress is 400 psi (2800 KPa). At
t = 10% hrs (B = .0015L em~1) the power throughput must be reduced to 1.95
kW to maintain a maximum stress of 400 psi (2800 KPa). It 'should be noted
that no safety factors are included in this analysis. Tt b e T !

It is of considerable interest to the system designér to deteérmine the
nature of the mechanism producing the increase in the 10.6 micrometer absorp-
tivity. If the increases cbserved are due to surface absorption, it is pos-
sible to reduce the impact of the increase by appropriate design of the window.
If the cooling method is restricted to conduction cooling through the edge, an
increase in bulk absorptivity will uniformly increase the radial heat flow and
the resultant thermal stress is independent of window thickness. If the sur-
face absorptivity of the sample increases, the designer has the option of
increasing the thickness of the window, which has the effect of lessening the
thermal resistance to heat flow from the optical surfaces to the cooled cylih—
drical edge of the window, thus reducing the stress increase.

The index of refraction measurements, which were made at 0.6328 microme-
ters, are due to the nature of the technique, measurements of .the surface pro-
perties of the window. The technique of measurement employed determines the
echange in index of refraction at the air-surface interface. The considerable
variation in the index of refraction during the course of the irradistion and
thermal aging indicates that significant- changes are taking place at the sur-
face of the samples. No general correlation between the 10,6 micrometer
absorptivity and the visible index of refracbion has been observed. However,
isolated samples have shown strong correlation between the wvisible optical
properties and the 10.6 micrometer absorptivity. : ’

Ty REPRODUCEILITY OF THE
ORIGINAL PAGE IS POOB
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Mechanical creep has been detected in the single crystal KC1 windows that
were subjected to thermal aging at temperatures of 66°C and higher. The win-
dows tested at 179°C and 250°C deflected sufficiently to warrant their removal
from the test sequence to prevent a possible implosion in the test cell. A mod-
el predicting the rate of creep as a function of temperature has been developed.

During the course of the irradiation testing, one of the single crystal
KCL windows failed. The failure was unusual in that a crack developed in the
center of the window. Calculations of the stress distribution in the windows
indicate maximum stress is developed at the edge of the window. For the win-
dow to crack at the position observed, a flaw of sufficient size to initiate
crack growth must have been present in the material. As a corollary of this
cbservation, the probability of survival of the windows could be improved by
careful attention to the edge conditions. Irregularities in the edge should
be polished out to prevent them from acting as stress risers.

Buropium-Doped Polycrystal- KC1

The europium-doped polycrystal KC1l windows survived the irradiation
exposure test without incident. As in the case of the single erystal KC1
windows, the europium-doped polycrystal KC1 shows a general increase in absorp-
tion with time. This group of windows showed a correlation between the rate of
increase of absorptivity and the initial value of absorptivity. The windows
with a lower value of initial 10.6 micrometer absorptivity were damaged at a
faster rate. As in the test with the single crystal KC1 windows, individusl
windows displayed periodic variations about the mean growth curve. The pre-
vious comments concerning the design of a high-power window are equally
applicable to these specimens.

The maximum allowable transmitted power for the europium doped polycrystal
KC1l has been calculated in the same fashion as the.previous single crystal KC1
calculations. We have assumed a 7 cm diameter uniform intensity beam incident
on a 10 cm diameter window. We have ignored the effect of pressure loading
which can be added by linear superposition. The initial value of B was assumed
to be .00l cm~l, Eguation 19 was used to predict the value of B at 10~ hrs,
This was calculated %o be .0033 em~l.  The analysis of Appendix I was used to
calculate the maximum power the window could transmit based on the assumed beam
geometry and at © = O the window would transmit 22.5 kW with the outer fiber
tensile stress at a level of ‘3000 psi (21 MPa). At 10% hrs the value of B
increases to .0033 cm™! reducing the allowable transmitted power to 6.82 kW.
As in the single crystal KCl case presented previously, no safety factor’has
been included in the analysis. -

b1
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The mechanical creep observed in the single crjstal material did not pre-
sent a great problem in the thermal aging of the eurcpium-doped polycrystal
material. The windows aged at 179 C and 250°C showed evidence of creep and an
analytical model has been developed to predict the rate of creep, No creep
was detected in the windows operated at 118°C and below.

During the course of the thermal aging test, the mean absorptivity of the
samples increased in time but no temperature-dependence was detected in the
rate of change of 10.6 micrometer absorptivity. The single crystal windows
subjected to idembical aging tem@erature showed an exponential dependence on
temperature in the growth rate of the 10.6 micrometer absorptivity. The
cyclic. behavior of the 10.6 micrometer absorptivity observed in the single
crystal KC1 during thermal aglng has alsc been observed in the eurqplum-dopnd
polycrystal KC1.

The possibility that the cyclic variation in the 10.6 micrometer absorp-
tivity is related to changes in the sample surfaces due to a combination of
stress conditions is significant in the light of recent work by Soileau, et
al (Ref. 15), who have shown that slow polishing (period of weeks) with its
resultant stressing of the sample could drastically increase the surface
absorpbivity. A single crystal KC1 sample so polished was found to have a

tobal absorptance on the order of 0.006 cm -1, A rapid HC1 eteh of the same
sample to remove the surface damage layer was found not only to destroy the

good optical figure but also to reduce the total 10.6 micrometer absorptance
to 0.00077 em~L.

Recommendations for Future Study

Several areas of investigation immediately suggest themselves. The first
is the development of a measurement technique that will permit the separation
of ‘the surface and bulk absorptivities in windows of conventional geometries.
Technigues based on a long cylinder sample geometry are presently avallable.
Another area that appears to require consideration is the question of surface
damage in the windows as a result of the optical polishing operations. " The
question that arises is, does the damaged layer tend to grow at stress levels
that are well below the average yield strength of the undamaged bulk material
and, more important, does the surface absorption also tend to grow under these

conditions.

Alternate window materials that appear worthy of consideration are zinc
selenide and the reactive-atmosphere-grown KBr produced recently by Rice, et
al (Ref. 16) at NRL, who have grown KBr single crystals with 10.6 micrometer-
absorptivities on the order of 6x10™° cmt by growing the crystals in a CCLy,
atmosphere.

Lo
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As a result of experience gained in the course of this effor%t, certain
improvements appear possible with the visible optical diasgnosties. Calibra-
tion of the index of refraction measuring system was performed using a single
fixed point (the WBS-calibrated sample) and a linear extrapolation based on
this value was used. A moré precise calibration of the equipment could-
be obtained if several samples covering the refractive index range of about
1.4700 o 1.5100 and spaced at intervals of about 0.0100 were available. These
would also serve as a secondary check on the constancy of the index of each
sample. That is, if the index of a calibration sample started to change due
to hydration or stress annealing or some other mechanism, it should become
immediately evident.

While the bulk absorption (transmission loss) at 0.6328 micrometers was
measured directly, the index values cobtained are strictly surface measurements
and are valid only at the surface. This is a direct consequence of the geom-
ebry of the sample and the requirement for a noncontacting measurement. A
slight modification of the sample geometry made by polishing two one-inch-wide
flats (at accurately known angles to each other) on the edge of the sample
would permit use of the minimum deviation method (see Fig. 5 ) (this was done
to the reference sample so that a precise index value could be cobtained by
NBS). This method has the desirable feature of being a true bulk measurement
and still being a noncontacting method (after the flat surfaces are polished).
This method would require only a very slight modification of the laser and
thermal aging fixtures, and would also have the advantage of not being affected
by such things as surface quality and localized variastions in the index.

The previously-mentioned diffraction and sample curvature effects may pro-
vide information relating to sample lifetime and beam guality effects. The
diffraction patterns observed may contain information about crystal nucleation,
growth and orientation. If such information were obtainable in this manner, a
simple, noncontacting, in situ measurement of window quality may be possible.
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CONCLUSIONS

The purpose of this program has been t¢> investigate the long-term effects
of exposing single crystal XC1l and eurcpium-doped polycrystal KC1 to 10.6 micro-
meter irradiation and high temperature to determine the impact of these param-
eters on potential high-power laser window designs using these materials.
Single crystal KCL and europium-doped polycrystal KCIL windows were exposed to
flux densities ranging from l‘kW/cm? to 5 kW/cm? for time periods of 100 hours.
Periodic measurements of the optical properties of the test windows during the
exposure period indicate a slow growth in the 10.6 micrometer absorpbivity.
This slow growth is accompanied by cyclic fluctuations above the average -or
mean value. The periodic excursions will require the use of larger safety
factors in a high-power system design to prevent self-induced thermal stress
failure of the windows.

The single crystal KC1 as received would be capable of transmitting a
3 ¥XW beam. This figure is based on assuming an initial value of g of .00L cmL,
The calculation assumes a 10 cm diameter window 1lluminated with a 7 cm diam-
eter beam of uniform intensity and that the window is edge-cooled by conduction.
At this power level the outer fiber azimuthal tensile stress 1s equal to the
mterial yield stress of 200 psi (2800 KPa): The sbsorptivity increases with
time and the predicted value at t = 10" hrs was found to be .00154 em~1 based
initial assumed value of .00l ecm~!. This increase in absorptivity requires a
reduction in the transmitted power to 1.95 kW. No safety factors are included
in this analysis and no consideration lms been given to the possibility of
flaws in .the volume that would cause failure to initiate at a point other than-
the outside edge. Some form of proof test would be required to eliminate this
potential source of in-service failure. -

The europium doped polycrystal KC1 will transmit a considerably higher
power beam than the single crystal material. This gain is realized because of
the increased strength of the material (typically 3000 Psi (21 MPa)). The
maximm transmitted power for a beam and window geometry as described pre-
viously for the single crystal material would be 22.5 kW foraninitial B of
.001 em~l, The 10.6 micro-meter absorptivity of the europium doped poly-
crystal material was found to increase more rapidly with time than the single
crystal material. The predicted value of 8 at 107 hrs was .0033 em™L assuming
an initial value of .00l em~L. Thus at 10* hrs the meximum transmitted power
is reduced to 6.82 kW. As in the previous case no safety margin is included.
The calecunlations of allorable transmitted power have not considered distortion
of the beam due to thermal and stress optic effects or the possibility of
local flaws causing premalure (sub yield stress) failure of the windows. Allow-
able power loadings could also be increased by use of convection face cogling
techniques.

Ll
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Exposure of single crystal KC1 and europium-doped polycrystal KCl to
elevated temperature and pressure loading has shown the presence of mechanical
creep in both types of windows. The europium-doped pol&crystal material has
proved to be significantly more resistant than the single crystal material.
Periodic measurements of the optical properties of the test windows during the
course of the 100-hour thermal aging has shown a general increase in the 10.6
micrometer absorptivity of the test windows. In the single crystal KCl mate-
rial the rate of increase of 10.6 micrometer absorptivity is found to have an
exponential temperature-dependence, increasing drastically at higher tempera-
tures. The europimm-doped polycrystal KC1 did not display any temperature-
dependence in the rate of inerease of 10.6 micrometer absorptivity over the
temperature range from room temperature to 250°C.

On the basis of this work, it appeared possible to operate either single
crystal KC1 or europium-doped polycrystal KCL windows for long operating
times as 10.6 micrometer windows provided sufficient safety mergin is left in
the design to accommodate the temporal growbh of the window abscrptivity.
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TABLE 1

SINCLE CRYSTAL KCL ABSORPTIVITY AT
10.6 MICROMETERS AFTER
10,6 MICROMETER IRRADTATTON

(absorptivity—cn™1)

Sample 10.6 Micrometer Laser Test Time
' @ Power Density

t=0 hrs  t=1.5 hrs t=k.3 hrs t=12.3 hrs $=35 hrs +=100 hrs = wa-l:.‘t:s/cm2
7 0.00105 0.00101 0.00096 0.00129 0.00171 .00120 195
5 0.00062  0.00087 0.00107 0.00139 0.0010% .00099 5000
8 0.00071  0.00175 0.0015L Discontinued 2236
L 0.00064  0.00068 Feiled =t 1000

2.1 hrs

g Replaced h at t=2.1 0.00093 0.00106 0.0008% .00108 1000

hrs  (0.0010k)

6  Replaced 8 at t=4.3  0.000kk 0.00073 0.00060 ,00096 2236
hrs
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TABLE 2

EUROPIUM~DOPED POLYCRYSTAL KCL ABSORPTIVITY AT
10.6 MICROMETERS AFTER
10.6 MICROMETER IRBADIATION

(a.hsorptivit.y—cm‘l)
Sample 10.6 Micrometer Laser Test Time @ Power Degsity

t=0 hrs  t=1.5 hrs  t=k.3 hrs  =12.3 hrs  t=35 hrs  $=100 hrs = watts/cm

li-C 0.00067  0.00129 0.00158 0.00343 0.001h5 .00181 5000
0.00068

5-C 0.00195  0.00180 0.00170 0.00153 0.00115 .00534 1495

0.,00162
6-C 0.00301  0:00313 0.00L40 0.00618 0.00276 L0021k 1000
1-C 0.00121  0.00130 0,00185 0.00170 0,00187 .00195 2236

.0020



TABLE 3

KC1 SINGLE CRYSTAL REFRACTIVE INDEX
AFTER 10.6 MTCROMETER IRRADIATTON

(@ -.6328 micrometers)

Sample 10.6 Micrometer Laser Test Time
@ Powey Density
£20 hrs  t=1.5 hrs 4.3 hvs  +=12.3 hrs  +=35 hrs =100 hrs = watts/cn®
-l 1.4846 1.4815 P
-3 1.4870 1.4823
b 1.4864 1.481% Failed During 4.3 Howr Irradiation
-5 1.4854 14827 ’
-7 1.4865 1.4816 .
5-1 1.4860 1.4840 1.4846 1.h851 1.4867 1.4813 5000
-3 1.4863 1.4836 . 1.k8h3 1.4851 1.4883 1.hgk
-4 1.4868 1.4828 1.k830 1.L8ho" 1.4865 1.4935
-5 1.4870 1.4838 T 1.k8ho 1.4870 1.h847 1.4082
-7 1.4865 1.4834 1.k83h 1.4837 1.h83k 1.4905
71 1.4861 1.4802 1.k800 1.4808 1.k823 1.4879 kg5
-3 14871 1.4888° 1.k871 1.4763 14776 1.k791
-4 1.4873 1.1879 1.%853 1.4739 1.4768 1.4828
-5 1.4874 1.k876 1.4%683 14730 L.h752 1.4803
-7 1.k874 1.h71k 1.k729 14770 1.L687 *
8-1 1.1800 1.4963 1.4957 2236
-3 1.4813 1.5007 1.5061
-l 1.h5814 1.4916 1.4933" Discontinued at & = 4.3 hrs
-5 1.4812 1.4882 1.kges ‘
-7 1.4815 1.4818 1.1:81h4
6-1 1.1863 1.4872 1.4804 1.487z 2236
-3 1.1859 1.4867 1.L4875 1.4884
- Not Zrradiated 1.k866 1.14866 1.4862 1.4865
-5 1.4863 14863 1.4856 1.4867
-7 1.4870 1.4868 1.4857 L.4853
9-1 1.4866 14860 1.4865 1.4868 1000
-3 1.4862 1,488k 1.4862 1.4857
-4 1.:869 1.L867 1.4869 1.h865
-5 1.k868 1.h874 1.L4368 1.h869

-7 1.4867 1.h855 1.4867 1.4878
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TABLE &

KCl SINGLE CRYSTAL PERCENT TRANSMISSION LOSS AFTER
10.6 MICROMETER IRRADIATION -

(@ 0.6328 Micrometers)

Sample l(_).6 Micrometer Laser Test Time

@ Power Degsity
$=0 hrs  ©=1.5 hrs  t=%.3 hrs  t=12.3 hrs =35 hrs  +=100 hrs = watbs/en

4o 1.05 -.13. 1000

-3 79 3.08

-h - .75 -.10 Failed During %.3 Hour Irradiation

-5 b7 1.00

-7 .62 45

5-1 .50 .09 .24 43 ~.11 .86 5000
=3 RN .53 By -0 iz 2.37

-l NI .18 . 1.38 .23 b7 1.63

-5 .81 N5 .70 .12 1.08 .60

-7 2.02 1.46 1.66 .52 1.50 3,03

7-1 92 1.k2 .68 1.19 1.23 1495
-3 77 .06 1.18 ] 1.09 .95

-4 .62 .25 1.4 A2 1.19° 1.85

-5 1.12 .16 2.00 LT 1.h7 1.50

-7 .83 .51 1.16 L7 1.k 145
8-1 1.37 6.86 10.17 2236
-3 1.28 8.39 11.32

-4 1.06 5.03 k.13

-2 1.1 2.17 2.06

-7 1.04 A5 1.37
61 - -.61 -.31 -.10 2236
-3 - -8 », 37 17

'y Not Irradiated - -.67 ~.39 =.27

-5 . - -.62 -.20 -.15

-7 - - 11 -.30 11l

9-1 M7 .12 .15 .36 100¢
-3 -.01 AL -.33 .03

-k 1 AL ~.06 -.27

-3 .08 Al -.33 -.16

-7 -.30 .12 .13 5,15
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TABLE 5

EUROPIUM DOPED POLYCRYSTAL KC1 REFRACTIVE INDEX AFTER
10.6 MICROMETER TRRADIATION

(@ .6328 micrometers)

Sample 10.6 Mieraneter Laser Test Time

@ Power Density
£=0 hrs %=1.5 hrs t=4.3 hrs +=12.3 hrs £=35 hrs £=100 hrs = xra.tts/cm2

1-C-1 1.4830 1.4832 1.4828 1.4827 1.4813 1.4811 2236
-3 1.4868 11,4877 1.4868 1.4883 1.5836 1.4833
-l 1.h876 1.L877 1.4887 1.4899 1.4873 1.4881
-5 1.14875 1.4870 1.4875 1.4879 1.4900 1.4882
-7 1.4803 1.4873 1.4873 L4767 - 1.4829 1.h83k
h-c-1 14842 1.4861 1.4842 1.482k 1.4845 1.484 5000
-3 1.4h8é2 1.4869 1.L8ke 1.4875 1.4839 1.4839
- 1.4859 1.486o 1.4836 1.h871 1.4836 1.h842
-5 1.48sk 1.4864 1.k884 1.h4829 14877 14887
-7 1.4829 1.h84s _1.h836 1.h861 1.187h 1.k870
5.0-1 1.4855 14847 1,4015 1.4986 1.4788% * kg5
-3 1.4825 1.4833 1.hoot 1.507h - % *
-l 1.k813 14827 1.L83% 1.4940 - % *
-5 1.k819 1.4838 1.4828 1.4807 - % *
-7 1.k323 1.4832 1.4826 1.483 1.4763% %
6-C-1 1.lk8ck 1.4865 1.4879 1.4871 1.4862 1.4871L 1000
-3 1.4875 1.4873 1.4873 1.4907 1.14874 1.4882
L 1.4865 1.4871 1.4865 1.48%9% 1.k887 1.4878
-5 1.4863 1.h866 - 1.1865 1.4882 1.4873 1,k877
-7 11,4863 1.4868 1.h866 1.4864 14871 1.4872

*strong glare-data uarelisble
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TABLE 6

EUROFTUM DOPED POLYCRYSTAL KC1 PERCENT TRANSMISSION LOSS ARTER

10.6 MICROMETER IRRADIATION

(@ .6328 micrometers)

Sample . 10,6 Micrometer Laser Test Time

£=0 hrs t=1.5 hrs t=4.3 hrs £-12.3 hrs +=35 hrs

1-C-1 7 7 T 6
=3 8 8 9 6
-l 8 11 11 8
-5 9 12 13 g
-7 L7 17 18 17
hg-1 30 32 33 26
-3 33 36 38 29
-k 33 31 36 29
-5 35 36 Lo 29
-7 35 37 L2 30
5-C-1 2k 26 29 28
-3 28 27 29 37
-h 29 26 29 38
-5 - 26 29 37
-7 25 : 26 28 33
6-C-1 Lo ko g 4o
-3 L5 L8 53 ho
.Y bl L7 53 ho
-5 s L8 58 Ly
-7 b3 k5 50 38

%=100 hrs

@ Power Density
= watts/cem?

2236

5000

1kg5

1000

51
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Sample

12-C

15-C

h-c

8-C

10

ik

52

t=0 hrs
0.00182
0.00553
0.00085
0.00080

0,00125

0.00042
0.00047
0.00047
0.00065

0.00095

TABLE 7

10.6 MICROMETER ABSORPTIVITY OF WINDOWS

" FOR THERMAL AGING TEST

" Burobium Doped Polycrystal KC1

(absorptivity-cm-1)

Thermal Aging Test Time

t=1,5 hrs  +=4.3 hrs

.00302 .00111
001506 -00089
.00135 .003k0
.00128 . 00176
. 001'%0 .00212
.00166

1=12.3 hws
.00208
.00055
.00075
.00179

.Q0453

Single Crystal KC1

00069 00216
00077 . 00145
-00076 .0012°7
.000%6 Looldy
.00097 00118

.00k29
.00129

.0018h

Thermal Aging
t=35 hrs £=100 hrs  Temperature °c

.00l .00L6L 250°c
.06172 00798 179°¢C -

. -001k2 00345 118°¢
.00309 .00295 66°c -
.00387 .COBL6 O
250°C

179°¢c

.00139 ' 00152 118°c
.00152 00775 66°C
. 00175 .00641 20°C '
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TABLE 8
THERMAL AGING TEST WINDOW

RADIUS OF CURVATURE
(r, meters)

Single Crystal KC1

Thermal Aging

12.3 hrs. 35 hrs. L00 hrs. . Temperature OC
13’ o3%6 2378 23% 200¢
14 2336 1843+ 9f1+ 66°¢

2 2.6t.2 “1.0%. 1+ 811+ 118°¢

Europium doped Polycrystal KC1

. 8-C > 4o > 40 > Lo+t 20°¢
- 1h-C > 40 > 4o >k 66°C
15-¢ > ho > Lo > kb0 . 118%¢
7-C 40.%10 40.%10 33%q 179
12-¢ eéi 6 23 1552 25000

¥ Window cracked at 96 hrs.

+ Windows show considerable small scale irregularities on surface.
Step type discontinuities with a depth on the order of l/h to
1/2 fringé of visable.light.

++ Window cracked between 35 and 100 hours but cracks did not
penetrate vacuum surface.
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TABIE 9Q

KG1 SINGLE CRYSTAL REFRACTIVE INDEX AFTER
THERMAL AGING

(@ .6328 micrometers)

Sample Thermel Aging Test Time

Thermal Aging
=0 hrs t=1.5 hrs t=-|+.3.hrs‘ t=12.3 hrs =35 hrs =100 hrs Temperature®C

1-1 1.4787 11309 1.6173% 250%¢
-3 1.4809 1.hgh3 1.4857
4 1.4802 1.4865 1.4871
-5 1.48%8 1.4883 1.h6h3
-7 1.4858 1.ho17 1.hoe2
2-1 1.h848 1.487h 1.487h 1.4870 1.4888 1.4896 118%

-3 1.4858 1.4864% 1.4872 . ** *% **
- 1.4851 1.h48g8 1.h4860* 1.4876 ** %
-5 1.4843 1.48gh 1.k856 1.h860 we **
-7 1.484g 1.4860 1.4855 1.4853 14388 *%

10-1 1.4850 1.holi2 1.hoor* 179°C
-3 1.hk852 1.h953 1.4939%
uly 11857 1.hg09 1.4910%
-5 1.48L6 1.,4gh8 1.4g05%
P 1.4858 1.b935 . 1.4879%

13-1 1.4855 1.4885 1.4864 1.5898 14911 *% 20%
-3 1.h8s2 1.h862 1.4872 1.4903 1.494o0 *¥
=l 1.485k 1.4866 1.4868 L.hao11 1.k952 ¥
-5 1.4852 1.h4853 1.L4873 1.hook 1.ko31 *%
-7 1.h840 L.4gs8 1.4856 1.4889 .L.4920 **

-1 1,4867 1.,4867 1.4873 14866 . *x *% 66°¢
-3 L.4864 1.h8g90 L.4877 1.h869 *e - *x
-4 1.4867 1.h881 1.4873 1.488% ** **
-5 1.4879 4 LBo6 1.486h 1.h903 % *h
-7 114882 1.487L 1.4855 1.4853 1.4868. - 1.4852

*% Diffraction in reflected beam prevents initializetion of system' for

Index Run
* Tnitimlization not reliable due to diffraction effects.

RODUCIBILITY OF THB
54 %ﬁ-‘?eml, PAGE 18 POOR



“ R76-912038-12

Sample

11
-3
!
-5
-7

10-1
-3
-4
-5
-7

2-1
=3
-4
-5
-7

i
-3
b
-5
-7

13-1
-3
-h
“5
-7

t=0 hrs

1.64
5.17
1.27

35
-.38

-.h6
-.hg
-.59
-.55
-

-.67
-.73
-6k
~.6h
-.3

-.37
-6
-.19
=37
-.31

~.55
-.58
-.55
-.52
-.34

- TARLE 10

KC1 SINGLE CRYSFAL PERCENT TRANSMISSION

LOSS AFTER THERMAL AGING

(@ .6328 mierometers)

Thermal Aging Time

+t=l,5 hrs +=4.3 hrs

3.57 ~.Be

8.60 11.h7
6.17 *10.25
6.99 12,36
2.52 k.03
kg .99
1.26 2.16
.93 . 3.25
69 2.55
3k - 1.23
'39 -.h8
76 .57
57 .38
.35 21
07 -.26
RIS 20
24 80
30 77
09 .90
03 A
33 22
03 - -0k
31 .21
o2 .37
-.09 21

* Compared to reference sample

£-12,3 hrs

.05
l.12
1.05

7

.36
.56
1.3%
.8h
3.0

.99
.2k
~.10

.2h

Thermal Aging
=35 hrs $~-100 hrs TemperatureoQ

2509

1790¢

.33 2.82 118%¢
3.68 5.1g
3.3 6.35
3.45 5.63
.30 2.92

22.46 12.43 - 66°C
31.h1 21.03
30.89 -17.94
6.0k 17.33
27.46 16.68°

U6 23 20%
1,92 -.19
1.87 ~.25
2.08 .16
.09 -.23
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TABLE 11

EUROPTUM DOPED POLYCRYSTAL KCL REFRACTIVE TNDEX
AFTER THERMAL AGING

(@ .6328 micrometers)

Sample Thermal Aging Time .
. Thermal ‘Aging
t=0 brs  ¢=1.5 hrs  t=h.3 hrs  $=12.3 hrs $=35 hrs =100 hrs Femperature®C
12-C-1 1.4903 1.4937 1.4918 1.4958 1.5011 1.4978 250°¢
-3 1.4003@ 1.hop1 1.4896 1.h911 1.4906° 1.4995
-h 1.4889 1.4886 1:4903 1.hosh 1.5013 1.h993.
=5 1.4870 1.ho2s 1.4894 1.4988 1.5036 1.5971
-7 1.h893 1.h912 1.4900 1.hoik 1.4931 1.4968
7-C-1 1.4879 1.4875 1.4856 1.4869 1.4900 1.4989 179%
-3 1.4877 1.L4876 1.487% 1.4865 1.h910 1.%80h
-4 1.hory 1.4882 ** ** *it #%
-5 1.4876 1.4873 1.4862 1.4865 1.4926 ®
-7 1..4864 1,485, 1.4852 1.4518 1.hgze 1.h922
15-C-1 1,L4858 1,4873 1,hghg 1,k854 1..4860 1.4856 118%
=3 1.4846 1.4857 1.4872 1.4813 1.48hks 1.4838.
-4 1.1848 1.h920 1.4903 1.4813 1.4849 1.4823
-5 1,859 1.k933 1.4873 1,484 1.48g4 | 1.4863
-7 1.h8Y45 1.%908 1.4869 1.4853 1.%950 . 1.4879
1h-gal. 1.4878 1.4890 114885 > *% >k 66°C
-3 1.4879 1.4903 1.4887 1.h721 L 5
-k 1.4875 1.4871 1.4890 #% g **
-5 1.4885 1.4897 1.488 *% * o
-7 1.h88) 14931 1.4886 ¥ *H *%
8-c-1 1.4861 14894 1.4874 114546 1.4992 1.5181 20%
-3 1.4869 1.hg76 1.4876 1.4936 1.5000 1,5206
-k 1.4851 1.4889 1.4873 1.kgps 1.hg61 1.5204
-5 1.h4839 1.4866 1.h878 1.hgoh 1.hoeg 1.5222
-7 1.4846 1.4810 1.4806 1.4856 1.4869 1.5109
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TABLE 12

EUROPTUM DOPED FOLYCRYSTAL KC1 PERCENT TRANSMISSION *
-LOSS AFTER THERMAL AGING )

T (@ .6328 micrometeré_)

Sample Theymal Aging Time

Thermal f&ging
=0 hrs  t=1.5 hrs  t=4.3 hre  £=12,3 hws  £=35 hrs $=100 hrs Temperature®C

12-C-1 R L7 6 46 L7 ' 37 2509¢C

t-3 32 Yo 4 50 Lh . - 34

4 k2 57 57 55 57 ThE

5 k3 5k 55 63 67 52

-7 32 5b 55 60 61 52
7-0-1 ko . 46 hG 4B 52 38 179°C

-3 38 52 - 36 Lo 51 -32

-4 +37 35 35 37 39 31

-5 - 35 34 36 37 Lo 31

-7 39 hg h8 51 5k L3
15-0-1 9 8 8 g 10 8. 11.8°c

-3 8 8 8 10 10 9

-l 8 9 9 1l 11 10

-5 8 1 12 T3 ik 12

-7 9 6 17 17 18 17
i4-c-1 30 29 30 34 36 32 66°¢

-3 35 38 39 ke L6 38

b 39 39 Lo L8 h3 39

-5 37 38 39 50 52 ko

-7 4o 36 37 38 38 30
8-c-1 30 30 30 3 35 ! 20%

-3 36 3k 33 b1 L 35

b 30 . 29 29 37" 38 34

-5 31 30 30 . ho Lo L3

=7 T 33 33 33 41 . b7 3T

* Compared to reference sample
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Window

6-C
5-C
1-C
h-g

Window

8-
14-C
15-C

7-C

TABLE 13

EUROPIUM~-DOPED .POLY(.JRYSTAL KC1

Average Grain Sizeé in Exposed Material

(%t = 100 hx)

IRRADIATION

Average Grain Size

(Micrometers) Irradiation Ievel
33.2 - . 1000 w/em®
15.h 1495 w/en®

119.6 2236 w/em®
15.0 5000 w/cm®

THERMAT, AGING

Average Grain Size

(Micrometers) Temperature
21,7 20°¢C
37.9 66°0C
33.6 118°¢

'53.8 179°C
30.6 ) 250°C
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Sample

TABLE 14

SINGLE CRYSTAL KC1
(as received material)

3-3"

- 3-6

12-3
12-h

12-1
i2-1
12-1
12-2
12-2
12-3
12-k

Temperature °C
20
118
"179

66
250

20

66
118
179
250

66
250

E{GPa)

2k.5
23.4
2h,1
29.9
3k.5

1

.110
.116
.122
w253

263

Oyield (MPa)

2.54
1.98
2.51

3.05
2.07

3.05
2.07
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TABLE 15

BUROPIUM-DOPED POLYCRYSTAT KCl
(as received material)

Semple Pemperature (°C) = E(GPa) u oyield (MPa)
2-C-1 20 32.3 273
66 30 .399

118 28.4 .300

179 19.6 g5

250 21.0 485
2-C0-2 20 19.1 L0

66 - 17.5 .398

118 17.3 .388 -

179 i7.k .386

250 18.4 .395
2-C-3 179 11,7
2-¢-4 250 , 12.3
2~C0-5 66 brittle failure )
3-C¢-1 20 13.9
3-C-2 66 12.2
3-0-3 118 . 13.5
3Ol 179 16.4
3-0-5 250 11.h
3-C-6 66 brittle failure
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TABLE 16

SINGIE CRYSTAL KC1 POST:EXPOSURE
MECHANICAL PROPERTIES (Measured at 200C)

Trradiation Test (t = 100 hrs)

Sample I (/e Y E(GPa) U byield {MPa,)
9 1000 31.6 .083 1,19
7 ko5 60.8 .231 3.81
6 2236 3.k .095 .97
5 5000 18.6 ..121 .81
Thermal Aging Test (t = 100 hrs)

Sample . Temperature (°cp*  E(GPa) U Oyield (MPa)
13 20 bi.0 Al not available
14 66 51.4 JA57 : 1.61

2 118 , 70.3 . - .20k .68
10%° 179 ok 6 - A9 7.31
1%

250 38.3 L102 .1.63

*Data shown is on samplés as. removed at t = 4,3 hrs.
¥¥Exposure level
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TABTE 17

EUROPTIUM-DOPED POLYCRYSTAL KCE

Trradiation Test (% = 100 hrs)
Test

Sample Tntensity (w/cm®) E(GPa) ¥ u* Oyield (MPa) *
6-C 1000 59.0 .334 26.9
5-C 1ho5 25.2 ctitel 16.5
1-C 2036 oh.1 .276 6.81
h.c 5000 18.2 .306 9.65

Thermal Aging Test (t = 100 hrs)
Test I -

Semple -Temperature (°C) E(GPa)* ¥ oyield (MPa) *
8-C 20 27.5 ,279 1.9

ik-C 66 52.3 L2 16.4

15-C 118 37.3 .197 7.13
7-C 179 46.5 213 17.6

i2-¢ 250 19.3 287 . 19.0

* Measured values were obtained at 20°C after 100 hours of
exposure at the Test Intensity or Test Tempersture shown.
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POSITION SENSING PHOTODETECTOR INSTALLATION

\ | — LASER WiNDOW

CHOPPED
LASER BEAM

PRECISION
e POSITIONING
STAGES

4 QUARDRANT POSITION
SENSITIVE PHOTO DETECTOR

| AMPLIFIER

D DUAL TRACE

OSCILLOSCOPE

ROB—-75—4

&l REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



R76-912038--12 FIG. 3

INITIAL POSITION SENSOR SYSTEM OPERATION

(a) BEAM CENTERED -
POSITION SENSOR OUTPUT
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REFRACTOMETER GEOMETRY
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GEOMETRY FOR MINIMUM DEVIATION REFRACTOMETRY

LASER PROBE BEAM

FIG. b
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R76—912038—-12 FIG.12

IRRADIATION TEST FACILITY
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R76-912038~12" FIG. 13
IRRADIATION TEST FACILITY
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AFTER 2.1 HRS AT 1000 WATTS/CM?

R08—73—4

REPRODUCIBILITY OF THI
ORIGINAL PAGE I8 POOR



R76—912038—12

SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY VS

TIME OF IRRADIATION

FIG. 15
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SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY

VS TIME OF IRRADIATION

FIG. 16
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SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY

VS TIME OF IRRADIATION

FIG. 17
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FIG. 18
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ABSORPTIVITY (em—1)
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FIG. 19
SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY

VS TIME OF IRRADIATION
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ABSORPTIVITY (ecm—1)
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SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
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EUROPIUM DOPED POLYCRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
VS TIME OF IRRADIATION
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R76—912038—12 FIG, 22
EUROPIUM DOPED POLYCRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
VS TIME OF IRRADIATION
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EUROPIUM DOPED POLYCRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
VS TIME OF IRRADIATION
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EUROPIUM DOPED POLYCRESTAL KCL 10.6 MICROMETER ABSORPTIVITY
VS TIME OF IRRADIATION
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SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
VS THERMAL AGING TIME
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SINGLE CRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY |
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" FIG. 32

EUROPIUM DOPED POLYCRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
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EUROPIUM DOPED POLYCRYSTAL ‘KCL 16.6 MICROMETER ABSORPTIVITY
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FIG. 36
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"EUROPIUM DOPED POLYCRYSTAL KCL 10.6 MICROMETER ABSORPTIVITY
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EUROPIUM DOPED POLYCRYSTAL KCI
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FIG. 41
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SINGLE CRYSTAL KCI IN THERMAL AGING
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EUROPIUM DOPED POLYCRYSTAL KCI IN THERMAL AGING
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YOUNG'S MODULUS VS TEMPERATURE
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YIELD STRESS VS TEMPERATURE
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EUROPIUM DOPED POLYCRYSTAL KCI
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EUROPIUM DOPED POLYCRYSTAL KCI AFTER 100 HRS THERMAL AGING
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EUROPIUM DOPED POLYCRYSTAL KCI AFTER 100 HRS THERMAL AGING
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APPENDIX I

R76-912038-12

Thermal Stress Induced Failure of
Alkali-Halide Windows

By P. R. Blaszuk

INTRODUCTION

The purpose of this effort was to attempt to validate our understanding
of the mechanisms involved in the failure of alkali-halide windows subjected
to CW laser irradiation with edge cooling being the principal method of heat
removal. Initial consideration of this problem led to the concept that the
windows were being stressed beyond the elastic limit, particularly at the out-
side edge. This plastic deformation was presumed to then lead to failure. In
order to similate the exposure of windows to high power irradiation, a scaling
analysis is developed in the first two sections, which shows that for a fixed
ratio of beam to window diameter the stress at window edge is linearly propor-
tional to the product of power and absorptivity. On this basis an experiment
was developed using windows with very high B at low power to simulate our con-
ventional windows. Plastic deformation has been observed in these windows and
the experimental results are summarized in the third section.

THERMAL. ANALYSIS

The geometry considered was & right circular cylinder of length h, thermal
conductivity «, diameter 2R being heated by a volume source I 3. in a region
betweenp = 0 andp = b. The heat flow equations in the region o-b becomes:

g% e g v
7l i (31)

The resulting temperature distribution is

rec- 18P% (32)
4 K

where C is yet to be determined.
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In the source free region (1) reduces %o:

8%T 1 am
3p2 "o ap " © (33)

and the temperature distribution becomes:
_ _IBb? /.
T 2 nl-p -(34)
where we have set the temperature at P = R to zero.

Matching boundary conditions at b on both (2) and (&) we obtain the value of
the unspecified constant C in (2). The temperature variation in the disk is found

to be:
‘ IBb2  IBb2_ (R IB8P° p
T(P)= "t Tk ) Ty s 0sPSD (35)
I8be R\ b=psh
i e 1n(p)= g (36)

STRESS ANALYSIS

For & solid disk subjected to azimuthally symmetric heating the radial and
azimuithal stress can be calculsted directly from the temperature distribution.
Pressure forces are ignored here gince they can be added via linear superposition

as long as the material is not stressed beyond yield. The radial and azimuthal

stress components are (_Ref. 1): where ¢ is the expansion coefficient and e is

Young's modulus. @ p
0., = 0E #‘fo T{P) pdp- lE'E-J‘o T(P) pd P} (37)

Tgo = CLE '{,,'E'L T(p)Pdp—-p—Q—L T(P) PP - T(p) (38}

Substituting the radial temperature distribdution (5), (6) the azimuthal stress

component at the cutside edge becomes:

_qe IBp2 | - ¥, R°
Ogg =Ct€ 00 Th (39)
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The calcualtion ofo%rmnrageat any arbitrary radius is perfectly straight forward
since the necegsary integrals reduce to algebraic expressions similar to the above.

EXPERIMENTAL RESULTS

The purpose of the experiment was to demonstrate in-situ plastic flow in a
KCl window subjected to thermal stress caused by 10.6 micron radiation. The
preceding theoretical section demonstrated that the basic scaling parameters for
the azimuthal tensile stress at the window edge was the product of the power and 8
with a modifying factor that considers the intensity distribution and the window
geometry., We have made use of this linear P scaling to construct an experiment
that replaces 'oir normal problem of a low 8 window subjected to high power radie-
tion with a high B window operating at low power levels. The experiments have
shown that permanent deformation of the KCLl can occur with P B loadings as small as
1 watt. The experimental apparatus consists of a forced water cooled mount which
serves tc maintain the outside'edge of the test window at a constant temperature.
Strain gauges are then mounted on the periphery of the window to determine the
azimathal strain induced by the irradiation., Figure 1 shows the results of a set
of power irradiation cycles on & 1 l/2-inch diameter window with & B of 0,007 em~t
(approximately 7 times that expected in a normal high quality window). The first
irradiation cycle with a power level of 170 watts was sufficient to produce plastic
flow in the material. The apparent limit for elastic behavior is about 130 micro
inches/inch in strain. Using Young's Modulus, which is in range of 1.5 x A07 psi
to 4 x 106 psi for this material, the stress at the elastic limit is in the range
195 pgi-520 psi. ’

During the second frradiation cycle at 150 watts no plastic deformation was
observed. This cycle and cycle 4 were run to insure that the strain gauge bonds
to the substrate were still intact. Cycle 3 at the 300 watt level shows theplastic
flow very clearly. The deformation rate at 300 watts was on the order of 25 micro
inches per inch-minute. The particular sample was from Harshaw boule 25-6-12".
Figure 2 shows data obtained with a window of identical size having a 8 of 0.005cm™-
cut from Harshaw boule 3-27-10", which has an apparent elastic limit expressed in
strain, of 500 micro inches/inch. Power levels in excess of 600 watts were
necessary to produce plastic flow in this material. This corresponds to a yield
stress of 750 psi to 2000 psi if Young's Modulus of this particular sample is
within the expectqd range.
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CONCLUS ION

In the light of the. experimental data and the theoretical analysis we

can set approximate boundaries on the power capabilities of the various window

materials using a eriterion of max stress equal %o 1/2 vield stress for pre-

sently available material. For a conduction cooled window these limits are:

KC1 single crystal (1 ¥W), KC1 polycrystalline material (5 ¥W). These power

estimates are based on a B of 0.001 em Ll for the KC1, Needless to say, the

present analysis does not consider problems such as grain growth in the poly-
crystalline material,

Operation of windows at power levels that raise the maxiwmm stress zbove
yield has been shown to produce plastic deformation. At the present time,
we have no reliable means of predicting the time to failure of windows sub--
Jjected to repetitive plastic deformation.
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Introduction

The elastomeric O-rings used in high vacuum velves ang

flenges generally limit system bake temperatures to a gaximnm of
200°C and, typically, to below 150°C. Above these temperstures,
most elastomers have poor mechanical properties and outgas
excessively. In order to bake a syst;m at 300°C, goid, OFHC
copper, or polyimide seal; are required. The.advandages and

-

disadvantages of metal seals ere well documented,l Polyimide

has excellent outgassing properties at elevaeted temperstures if .

properly cure&;z however, it does not have the desirable mechanical

properties of an elastomer like Viton, In fget, polyimide is
relatively brittle, subject to chip?ing end, typically, requires
considerable stress to effect a seal,

High temperature, atmospheric pressure experiments conducted
at this-laboratory on g new {luorocarbon elestomer indicated that
this elastomer might be & sultable replacement fd}‘metal and
polyimide seals in systems bakeahle to 300°C, Thia elastomer,
developed by E. I. duPont de Nemours & Co., is sold under the

name ECD-006 perfluoroelastomer.. It possesses many of the

mechanical properties of Viton, but with a significantly superior

. .

high temperature limit. Most of its mechanical'and chemical

properties abt atmospheric pressure and high temperatures have
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been documented,3s% . However, there has been no effort, to date,
to investigate its high vacuum properties., This brief communication

presents some data on tliese properties,

Experimental Procedures and_Results

Two types of measure‘ment's weré made, The first was = simple
comparison of the cutgassing rates of Vitéﬁ and ECD—OOG; The
second was an evaluabion of ECD-006 as an O-ring in a bakeable valve,

A. Outga.s-sing

Figuré-l shows the spparatus used to compare the outgassing
rates of Viton and ECD;006. The sample was placed in an 'enclosed
volume on a stainless steel (Type 304) plate which was 1.27 cm
(0,5 in,) on a side and ,381 mm (,0l5 in,) thick, The temperature
of the plate was monitored with a chromel-slumel thermocouple, The
heéter wes constructed to miniﬁize temperature gradients in the
center of the plate, Heghing of the plate was acccmplishéd by
radiation from tungsten filam;nts. Pressure within‘the enclosed
volume was measured by s nude ionization gauge. A shield was
interposed between this gsuge and the sampie plats o reduce
enarged particle bombardment of the saéple. The'only crifice
connecting the sample volume with the main chaumber was a 1.91 cm

(0.750 ih.) orifice through s 0.015 in, steinless steel removeble

F THE
opUCEBILITY OF
%ggmm PAGE 18 POOR



cover plate. The volume of the sample enclosure was 2.5 %,
The pressure in. the main chamber wés also dete;mined by a nude
ionization gasuge. Thoriated iridium filaments were used on both
gauges., \Two separ?te ionizgbion ‘gauge control uﬁits were employed.
With the cover plate removed, the gauges agreed to within 5% of
reading, ‘The oubtput from each gauge con£rol was recorded along
with data from the thermocouple. The current provided to the .
neater came from & programmsble power supply operated in s voltage
programmed mode, The control voltage éo this power supply was a
slow ramp obtained from & commercial function generstor. A dec
power supply was also used‘yhen a particular temperature was to
be maintained,

Each sample was 0,318 cm (1/8 in.).by 0.635 cm (1/4 in.)

»

by 0.159 em (1/16 in.). After ;he sample was placed on the
plate and secured with a tungsten ribbon, the chamber was
evacuated, and both ioaization gesuges were turned on. The
radiation from the ionization gauge within the sample volume
was sufficient to guickly bring the tem@ergtﬁre of the sample
to 120°C. The semples were baked at this tempersture for Four
hours. After this beke, the pressure in the sample volume

was vypically 9.33 = 10.67 x 10~5 Pa (7-8x107 Torr) while the

pressure in the main chember was 6.67'~ 8,00 x 1073 Pa
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(5-6x10"7 Torr). The temperature of the sample plate was then
elevated from 120°C to 400°C over approximately a 13 minute
interval., Each sample tested experienced approximately the same
neating rate hecause of the use of the programmable supply.

The accuracy of the temperature measﬁrement was estimated to be
+10°C. Since the rate of teﬁpérature rise with time was slow
relative to the gas equilibrium times, the outgassing rate qq
was computed in terms of nitrogen equivalents using the

relationsnip

Q@0 = 5(Pp-Py) (ko)

vwhere Pp was the pressure in the sample volume, P, was the pressure
in the main chamber, and S was the speed of the pumpout orifice.

A pumping speed of 11.6 1/sec~cm® was -assumed which for this

i
5

orifice yielded a speed of 33 l/sec. In Figure 2 ‘are shown the
outgassing rates as a function of temperature for ECD-006, Viton,
and a stainless steel blenk which was used as = reference.

B, Valve Test

In order to check the mechanicsl. properties of ECD-006 at
elevated lemperatures in & typical high vacuum &pplication, the
following test was performed. A 5.5 in. right angle, high vacuum
valve {Varian 951-5072) was attached %o 2 30 1/s VacIon pump.

The velve was initially provided with polyimide gaskets on both



the bellows and main seals, so that the valve could be baked

to 300°C. Because the VacIon pump had seen extensive service
during which it was exposed to large guantities of hydrogen anq
noble gases, the terminal pressure after a 48 hour ‘bake at 300°C
vas 5.33h; 6.66 x 100 Pa (4-5x1078 Torr), even though the pump
was capped and the only load was the polyiﬁide velve, The
pressure was determined from the current drawn by the pump.
After this base pressure was esteblished, the polyimide mein
seal was replaced with an O-ring cut from ECD-006 sheet stock
(Compound 01018). The valve was reassembled end then b;aked at
300°C for 48 hours. The terminal pressure after this bake was
egain 5.33 - 6.66 x 1076 Pa (4-5x10"8 Torr). The valve was
tnen disassembled, and the O-ring was inspected. The cracking
and thermal set normallf encountered with Viton when operated

at temperatures in excess of 200°C were not present. The ECD-006

was still plisble. The valve wes opened and closed seversl times

with no apparént legks across the main sead.

Results and Discussion

Despite the uncertainties associsted with the outgassing
measurements, e.g., the nitrogen eguivelence assumption, the

limited sample preparation, ete., Figure 2 indicates thst
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ECD-006 has an outgassing rate at least comparable if not -
superior to Viton in the.temperature.range up to 200°C. It
also snows that ECD-006 has sn a:cceptabii_.e butgassing rate at
300°C where Viton literally decomposes, as indicated by violent
pressure bursts observed on the gauges. ECD-006, even when
heated at 400°C, did not decompose as ‘violently as Viton &%
300°C, It is slso interesting to note that the initial
outgassing rate of ECD-006 at 300°C is only 3-5 times greater
than that of the stainless steel blank.

The valve test that was performed used a valve thas was
designed to have a maximum beke temperature of 125°C in the
closed position and 200°C in the open position if Viton~A was
used for the main seal., A later design of this valve
(Varian 951-5012) can be baked to 200°C in boﬁh open and closed
positions becguse of a mechanical modification to reduce the
probléms of expansion and thermal set. With the ECD-006,
pakeout at 300°C in the old suyle valve was &000mplished'
witnout difficulty. Also, withirn the precisidn of these
measurements, the room temperature outgassing rate of ECD-006
was comparahble Lo polyimide,

The evidence of this study indicates that the vecuum

properties of ECD-006 are such that it can be used as a



substitute for polyimide in the room temperature to 300°C
operatiné regime, The measurements also indicate that more
accurate tests should be made of the outgassing rates of

ECD-006 and that its helium permeability, water sbsorption,

and radiation resistance should be determined along with chemical

character of the outgazsing.
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