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PREFACE

This third semi-annual report describes our continuing

1 study of the optical properties of low loss window materials

for chemical lasers. The work described herein was per-

formed during the period from 10 January 1975 tc 9 July

1975 on Contract No. DAAHO1-74-C-0437, ARPA Order 2614.

Participating in the research were, in addition to the
principal investigator James A. Harrington, Don Gregory,

! William Otto, and James Rowe.
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SUMMARY

The optical absorption has been measured at DF and HF
wavelengths in a wide varicty of materials which show promise
for use as windows on high powered chemical lasers. These
measurements, which were made using DF-HF chemical laser
calorimetric techniques, are compiled in this report in an
effort to bring together in a systematic fashion ail the
absorption data taken to date. Such a compilation of data
not only allows a quick determination of the lowest loss
muterials currently available but also enables one to draw
several impertant conclusions regarding the optical ab-
sorption in the 3.8 to 2.7 micron region. One significant
but perplexing result is the fact that no total absorption
coefficient measured in this region by us to date is less
than 10_4cm_1. This is unusual! because most materials
studied have intrinsic levels far below this value and
some of the same materials have measured absorption less
than 10_4cm_1 at 5.25 and 1.06 microns. The reason for the
higher absorptions in the DF-HF laser region is shown to be
in part due to the higher surface absorption here than at
other infrared laser frequencies. The identification and
characterization of these surface absorption mechanisms such
as those arising from organic solvents used in surflace
cleaning and from mechanical polishing, is a major thrust of

this report.
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The specific materials studied in detail include ZnSe
and SrF2 frcm Raytheon, Ge and Si from Cal Tech, NaF from
NRL, CuF2 from Hughes Research Labs, Yttralox from GE, and
other miscellaneous alkali halides including NaCl, KC1,

Li¥, and KBr. Since surface absorption has been a prime
concern, many ol thesc samples had their surface and bulk
absorption measured. ZnSe and SrF2 showed a high surface
absorption (10_3cm_1 range) while the alkali halides and

some CaF2 exhibited little. At this point the lowest loss
materials at 3.8 and 2.7 microns would be the alkaline

earth fluorides and NaCl. ZnSe among semiconductors, and
Yttralox among oxides. It is expected, however, that
materials will improve and that surface polishing and cleaning
techniques advanced to the point that total absorptions less

-1

than 10_4cm wi1i] be measured in the near future.
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1. INTRODUCTION

In past reports on progress in materials for use as

chemical laser windows, a large variety of samples have been

studied. Over the past few months, we have continued to
survey promising eandidates for operation at DF (3.8 microns)
and HF (2.7 microns) wavelengths but, in addition, we have

also taker a closer look at some of those materials which at

s

the moment seem to be the strongest contenacers for future

use on chemical lasers. In particular, the alkaline earth

fluorides and zinc selenide have been more thoroughly investi-
gated especially in terms of the contribution of surface ah-
sorption to the total absorption. The amount of surface ab-
sorption hus been seen to vary greatly among different ma-
terials with zinc selenide having the highest surface ab-
sorption and the alkali halides and alkaline earth fluorides
the least. In almost every case, however, the total ab-
sorption seems to be dominated by surface effects and it is
for this reason that the primary emphasis of our recent work
has been on the characterization and elimination of these

absorption mechanisms.

Having surveyed a large number of materials it is now
possible to bring together in a systematic way all results
of our calorimetric measurements of the absorption coefficient
£ at chemical laser frequencies. This is done graphically in
Sec. 4. One important point can be observed from such a

i !




i
I
!
i
l
|
|
|

compilation of data: no sample measured to date has a total
o | y e " T
# less than 10 “c¢m at either HI' or DF frequencies. This
is rather perplexirg in view of the fact that most materials
of interest have intrinsic levels far below this value and
: : ; -4 -1
that, for some of the hosts, B's less than 10 “c¢cm have been
' o 2 T . . .
measured at 5.25° and 1.067 microns. It is felt that a major
reason for this lies in the higher surface absorptions en-
countered at chemical laser frequencies. In addition to
the obvious problem of OIl” contamination at HF wavelengths,
it has bheen found that most organics commonly used to clean
surfaces of window samples have strong absorption bands in
the DI to IIF region. In some cases it has been observed
that chemical cleaning with an appropriate solvent just prior
to measurement can reduce the absorption by one half its
'alue prior to cleaning. This sensitivity to chemical
cleaning is not . hared by materials measured at 5.25 or 1.06
microns and it is probably for this reason that absorption
coefficients arc lower there than at chemical laser frequen-
cies. LEfforts will be reported on the methods used to mini-
mize this source of absorption. Illopefully, during the next
six months materials will have continued to improve and
surface absorption minimized to the point that absorptions
-4 -1 .
below 10 c¢m will be measured.
A review of the experimental techniques used to measure
the absorption as well as the procedures involved in handling

2




and preparing the samples for measurement is given in the
next section. Following this, the bull¥ of the report will
consist >f a detailed description of our absorption coef-
ficient results arranged in order of individual materia.s
or classes of materials. Finally, a summary of results for
all substances studied will be given along with recommen-
dations of the best materials at the present time for use

as low loss chemical laser windows.

II. EXPERIMENTAL TECHNIGUES AND PROCEDURES

A. Calorimetry

Standard l!aser calorimetric methods3 were emplcved to
measure the small absorption coefficients at chemical laser
frequencies. The experimental set-up, which has been de-
scribed in greater detail in a previous ARPA report4, con-
sists of an air calorinwecter and a small cw CF-HF chemical
laser cf our own construction.5 The calorimeter is con-
ventional except for a series of sriall holes along the bottom
which admit dry nitrogen purge gas when the calorimeter is
used for HF measurements. In practice, the absorption of
HF radiation by air in the calorimeter and subsequent dis-
tortion of the heating-cooling curves due to heating of the
air has not been detected :ven without the purge. Purge gas
is frequently used, however, to minimize any errors in the
temperature-time data and in measuring the laser power.

3




A three-slope method3 is applied to the data for the

calculation of 8. The surface absorption has been measured
by two different techniques. The first is an older method

in which the total absorption is measured as a function of
sample length L. An extrapolation of a plot of 8L vs. L to
zero length then gives a measure of the surface absorption
thile the slope gives the bulk £. This inethod, unfortunately,
has the disadvantage that all surfaces for each length should
be identically prepared and thus of equal value. Even with
this constraint, this method has been successfully applied

to various hosts, such as KC]G. in order to get a good
estimate of the surface absorption. Because of the necessity
of equal surface conditions for at least three different
lengths and the time required to prepare and measure all
these samples, a more direct meithod is desirable. Such a
method was developed by Hass7 and involves measuring the
absorption in long, bar shaped samples. With the appropriate
sample geometry it is possible to distinguish between surface
and bulk absorption directly from slope changes in the
temperature-time curves. Strictly speaking this should be
done by curve fitting the data to a compuler calculated heat
flow equation but in practice reliable values can be obtained
directly from the raw data. A few of the measurements

reported in the next section involve the use of bar type

samples but more work with this type of sample will be re-

4




. 8
ported on in an upcoming ONR report and elsewhere.

B. Crystal Preparation

The samples studied have been procured from a wide
variety of window material processors. In most cases the
samples are received with a good surface finish. When this
is the case, the sample is run as-received in order to pro-
vide the supplier with a B8 unbiased by any of our polishing
and cleaning techniques. After an initial measurement, the
surfaces are examined using Normarski microscopy and then
refinished. Mechanical polishing involves a final polish
with Linde B and isopropanol with intermediate polishes
using diamond grit for the harder substances. For ZnSe the
prescriptions of Hughes Research Lab9 and Raytheonlo for
chemical etching and polishing on pitch laps were utilized.
In the future more use will be made of pitch laps not only
for ZnSe but for the alkaline earth fluorides as well.

As mentioned in the Introduction, surface cleaning just
prior to measurement is one of the most important require-
ments for a reliable B. Popular CH-bonded solvents like
methanol, ethanol, acetone, etc. which have absorptions11
in the DF-HF region have been found to produce higher ab-
sorption coefficients in crystals washed with these than for

crystals washed in, for examnle, carbon tetrachloride. At

the present time, all crystals have a final cleaning in

5




spectrograde CC11. In the future other solvents, such as

Freon, will be evaluated. dith a good surface finish and
careful cleaning it has, on occasion, been possible to reduce
the © of the as-received sample by one half its original
value. Cases where this occurs are indiczted in the explicit
results that follow.

A constant threat to reliable f's at HF wavele gths is
hydrolyzing of the surface. The dry N2 purge minimizes
this danger to some extent but greater care is needed. To
prepare the sample's surface in a low humidity environment,
a glove box has been obtained in which the humidity can be
kept less than 107. A vacuum calorimeter has Just been built
which can be loaded in the dry box so that the crystal can
be bolh prepared and measured in a low water vapor atmosphere,
Scveral of the samples ‘KBr and NaCl) have been measured
using this apparatus and in the future full utilization will
be made of this cquipment.,

All & measurements have been made using a multiline
laser output. This oulput has been analyzed using DF and
HF spectrum analyzers. The frequencies present in our multi-

line output are as follows (partial list, strongest to

weakest )

D¥ (microns) HF (microns)
3.75 2.738
3.837 2.906
3.874 2.866

2,777
2.818




ITI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Zinc Selenide

An important material at 10.6 microns, zinc selenide
holds great promise as a window at chemical laser frequencies
as well. In our last report4, only a very brief investi-
gation was made into its optical absorption at DF-HF wave-
lengths. Since then we have begun an exchange program with
Dr. Robert Donadio at Raytheon Research Laboratories to
obtain state-of-the-art CVD 7ZnSe for more extensive ab-
sorption measurements. During the past six months we have
received several samples which reflect Raytheon's best
fabrication techniques at a particular time, 6 and thus we
have been able to monitor the usual evolutionary process of
materials' improvement through changes in the optical ab-
sorption.

The oldest sample, grown several years ago, was ZnSe-96.
This sample had a total B equal to 3 x 10 3cm™! at 10.6
microns but had absorption coefficients almost 10 times
great 'r at DF and HF wavelengths:

3.3 x 1072 + 4% cm~}

2.2 x 1002 ¢+ 7% em”

n

B8(DF)
1

B(HF)
These values were obtained from the as-received :siample and
no further work was pursued on this piece because better 1
material was being received. In particular, ZnSe-96 ex- !
hibited the usual light-dark bands which often characterized

7




Raytheon's early material. It was decided to concentrate on

the more recent ZnSe which was free c¢f these obvious bands.
+he next sample received for study was part of Raytheon's

absorption standard series (No. 40). This sample had a total

B equal to 1.98 x 10"3 t 4% cm—1 at 10.6 microns as measured

by us (1.69 x 10"3cm_1 as measured by Raytheon at 10.6

microns). Our value is that measured after cleaning the
surfaces in methanol. On the as-received sample the 10.6
micron absorption was measured to be 2.84 x 10 3em™L. Here

is an example of the effect of a simple chemical cleaning

on the total £. In this case the absorption was reduced by

about 50% by the methanol wash. The absorption at chemical
laser wavelengths was found to be substantially reduced from
the high values previously measured in ZnSe-96. The total

£'s were found to be,

2.2 10"3cm_1

4.0 x 10"30m—1

B(DF)

£ (HF)

for the sample after the methanol wash.

Even though the absorption was reduced to the low 10_3

cm_1 region at DF-HF frequencies, this was still far above
the intrinsic level for this material. In order to determine
how much of this absorption was due to the surfzces a third
sample was obtained from Raytheon (Run I-20). This rec-
tangular parallelepiped was cut into four lengths for BL vs.
L measurements at 10.6, 3.8, and 2.7 microns.

8




For the DF-HF wavelength measurements the sample

surfaces were mecnanically polished using diamond grits

with a final polish using Linde B and isopropanol. All
surfaces were cleaned prior to measuring with spectrograde
CC14. For the CO2 calorimetry, the above finishes were
further refined using the chemical etch (potassium ferri-
cyanide) and associated prescription of Hughes Research Labs?
An important consideration in all of these measurements was
that the surfaces were all treated identically for each
series of measurements at a given laser frequency. It was
found that mixing of the polishing methods, say one surface
chemically etched, one mechanically polished could drastically
influence the BL vs. L curve and make the results meaningless.
This is because the surface absorption for ZnSe was found to

be substantial and each surface preparation technique had to

be evaluated individually owing to the fact that each could

produce a widely different value.

The BL vs. L plots for all three laser wavelengths are
shown in Fig. 1. A least squares fit was made to the data
and the following B's extracted are listed in Table 1 along
with the earlier ZnSe results which are summarized for

completeness. The surface absorption shown is for two

surfaces.




O | 2 3
L (cwm)

Figure 1 - 8L versus L plot for Raytheon ZnSe at three
different laser frequencies.

10
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Table 1

Absorption Coefficients for ZnSe at

C02, DF, and HF Wavelengths
Sample YZ;;;h Btotal Bbulk Bsurface
No. (microns) (cm-l) (cm—l)
ZnSe-96 10.6 3.0x10°° . -
3.8 2. 210" . .
2.7  3.3zi0" - 5
Std.No. 40 10.6  1.98x103:4% i .
88 970" - -
57 4.0 s0° . .
1-20 10.6 2.e2x10°°> 7.12x10"%:10% 3.8x1073:10%
3.8  gZ.epxin® 4.8x107% 2.14x10°3
2.7 4.05x10°°2 7.34x10™% 3.32x10°3

Several important features can be gleaned from the
results in Table 1. The first is that for the two most recent
ZnSe samples supplied by Raytheon, No. 40 and I-20, the total
absorption is about the same for all three laser lines. It
is a little higher at HF but this may be due to the presence
of OH  in the bulk or on the surface of the samples. 1In a
further reduction of the data into surface and bulk contri-
butions, we see the surprisingly large surface absorption
which dominates the total £. It is clear that a marked de-

il



crease in Bsurf would mean a much improved window material

since the ebu is quite good.

1k
In the future several methods will be applied to ZnSe
to “ry to reduce this surface absorption. A preliminary
result has indicated that the chemical etch will lower the
absorption at DF wavelengths so that more work will be done
with this etch. Pitch laps will be used following the recipe
of Raytheon.10 In addition, use will be made of long bar
samples to more easily separate bulk and surface absorption
especially when it is desired to try a series of surface
preparations. In doing this it is desired to reduce the

surface absorption below 10_3cm—' into the region where the

dominant contribution to the abcorption is from the bulk.

B. Strontium Fluoride

Strontium fluoride has the potential of being one of
the best window materials at chemical laser wavelengths owing
to partially compensating physical parameters. In terms of
figure of merit this means a large power may be transmitted
before the window fractures or optically distorts the beam.12
In the last report results were given for all the alkaline
earth fluorides.4 During the past six months our efforts on
SrF2 have been restricted to the cast Ser provided by Dr.

Chuck Willingham and Dr. Dick Newberg ot Raytheon Research

Labs. This material! had exhibited low ('s in the past so we

12




decided to pursue it further to try to learn about the
surface absorption as well as the bulk absorption.

The first sample studied was an irregular shaped piece,
No. VHP-275. Unfortunately, inhomogenities in B were de-
tected across the sample but several representative values

were as follcws for different positions of the laser beam:

i (78 % 10" %em™?
A 1 8.5 % 10" Yem 1
2.1 x 10 3cm™?

8(HF) 1.5 x 10 Sem~?!
4 -1

7.8 x 10 cm
This sample was not pursued further due to these and even
larger inhomogenities found in £.

The major portion of the effort on this host was de-
voted to Raytheon Ser(VHP—348). This rectangular parallele-
piped (0.86 x 1.88 x 4.44 cm) was used to obtain BL vs. L
data. The first set of data taken were on the as-received
sample. Then due to some unusual discrepancies observed in
B for the various lengths (discussed below) and because the
surfaces as viewed by Normarski microscopy were rather
scratched, the surfaces were repolished. The repolishing

involved using Liide B and distilled water followed by a

CCl4 rinse.
The results for the as-received and repolished Ser
sample are given below in Table . * each length. From

these results it is easily s2en that there is consistent

13




Table 2

Absorp.ion Coefficient for Ser(VHP—348)

at DF and HF Wavelengths

B

Sample Wavelength Path Length total
Surface (microns) (cm) (cm_l)
As received 3.8 4.44 7.0x10"%:34%
1.88 1.0x10"3:14%
0.86 1.2x1073:10%
As received 2.7 4.44 6.3x10"%:159
1.88 1.6x10"3+28%
0.86 1.9x10~3+20%
Repolished 3.8 4.44 4.1x10" %4109
1.88 7.7x10"%1+19%
0.86 1.7x10"3 ]
Repolished 2.7 4.44 3.8x10” +5¢% :
1.88 1.1x10"315% 1
0.86 2.4x1073:9%

non-uniformity in the { values between the longest side

(4.44 cm) and the other two sides at either DF or HF frequen-

cies. This makes a plot of BL vs. L meaningless and thus no

such plots are shown of the above data.

14




P ——

The problem remains to understand this peculiar result
of an absorption ccefficient being significantly different
along one direction of cast, polycrystal-type material. It
was thought at first that this anisctropy in B was due to
surface finishing or residual stress in the sample. From
Table 2, repolishing the surfaces has not improved the dis-
crepancy in the absorption coefficient so that it is felt
that this is not an effect of crystal polishing. Next, the
sample was viewed in crossed polarizers. While the crystal

did exhibit the usual amount of stress birefringence ob-

served for polycrystalline materials, there was no evidence

for any large or small amount of stress along a preferred

direction. Thus stress is not thought to be a significant {

factor contributing to the anisotropic absorption. |
It was suggested by Dr. Chuck Willingham that the effect

being observed is due to anisotropic s'irface absorption.

Such surface absorption conditions could occur if different

crystalographic directions are exposed at the different

faces. For this sample the orientation of the grains is

not known at present but this will be determined in the near
future. Therefore, while this is a plausible explanation,
it is merely conjecture that this is in fact what is happen-
ing in our case and more work needs to be done to determine

the nature of this anisotropy.

15
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It is unfortunate that a meaningful surface absorption
could not be extracted from all of this data. It is still
felt that SrF2 has a low bulk absorption in general and is
therefore a strong window candidate. In this next reriod
more Ser from Raytheon will be procured for evsluation.

In addition some new single crystal material will also be

measured.

€% Silicon and Germanium

To investigate further the optical properties of semi- l

conductors, several samples of silicon and one germanium
sample were acquired. Some silicon and the one germanium
were Kindly provided by Prof. Tom McGill of California
Institute of Technology. Their single crystal silicon came
from Wacker Chemical Company in Germany and was P type with
a high resistivity of 15,000 ohm-cm. The germanium is ultra-
pure, highly intrinsic material from a source unknown to
us (material used in electron-hole droplet studies). A
sample of low resistivity (14.5 ohm-cm), polycrystal silicon
was obtained for comparison from Unique Optical.

The results of the chemical laser calorimetric measure-
ments are shown below in Table 3. Commercial chemical

polishes were applied to both the germanium ani silicon

R PPy L T T LT T L TR

samples obtained from Cal Tech. Before and after polish |

measurements are shown for germanium, only the after polish
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Table 3

Absorption Coefficients for Ge and Si

at DF and HF Wavelengths

Sample Wavelength Btofil ComMmRit
(microns) (cm ™)
Ge (Cal Tech) 3.8 1.6 x1072 Before polish
1.35x1072:4%  After polish
2.7 1.6 x1072 Before polish
1.3 x1072+1%  After polish
Si (Cal Tech) 3.8 7.85x10"%+6% 15,000 Q-cm
2.7 5.5 x10"3+29
Si (Unique Optical) 3.8 2.53%x10"1:3%  14.5 @-cm
2.7 1.4 x10 139

fecr silicon. No polish
Unique Optical since no

high absorption.

was applied to the silicon from

polish could reduce this terribly

The B8 values for the Cal Tech silicon are quite low for

a semiconductor. This particular material could serve well

as a laser window material if absorptions in this range

could be maintained. An attempt at using a more inexpensive

polycrystalline sample fails badly when compared to this

high resistivity Si. For Si then one should use the highest

17




resistivity material available.

Germanium has a disappointingly high B at both chemical
laser frequencics. A slightly n-doped material would
probably have yielded a lower absorption L3 No further

efforts are planned for investigation of this host.

D. Yttralox

Yttralox is a cubic, polycrystalline ceramic (90% Y203
and 10% Th02)14 which is showing increasing potential as a
window for short wavelength lasers. This oxide material is
produced by General Electric Corporate Research and Develop-
ment Laboratories and is kindly provided to us in an exchange
program with Dr. Chuek Greskovich. In the last report4 we
had made some initial measurements on this material. The
£ values for both HF and DF frequencies were about 1.4 x 10"~2
cm—1 on the as-received samples. (N.B. Due to an error in
the specific heat measurements made by GE this value was

earlier reported4 to be 6 x 10 %em™ 1. A1l £ values quoted

in Table 4 incorporate the correct spec:{ic heat.) The
reason for this high extrinsic absorption was the presence

of strong impurity bands lying directly between the 3.8 and
2.7 micron laser lines (cf. last semi-annual report4). These
impurity bands, which are presumably associated with oxygen
or OH  impurities, are also common to other oxides eg. MgO.

The reduction of these bands which clearly limit the ab-

18
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sorption coefficients at DF and HF wavelengths, could lower
the absorption to near the intrinsic value of 1 x 10"%em™?
at 3.8 microns.

During this past reporting period the emphasis has been
on the elimination of this impurity absorption. Dr. Gresko-
vich has suggested that these bands might be associated with
oxygen vacancies in the material and that a treatment of the
sample in a small amount of oxygen at high temperatures
might drive oxygen into these vacancies making the ceramic
more stoichiometric. In order to test this idea two

2 =1
cm 7)) were

previously measured samples (8 ~ 1.4 x 10~
returned to Genera. Electric for conditioning in a high
temperature, oxygen-containing (~ 10 ppm 02 in argon)
atmosphere. During treatment one sample melted but the

other survived and was returned to us for further optical
measurem=2nts.

A most surprising and delightful result occurred on
remeasuring the oxygen treated samples. The DF absorption
coefficient had been reduced by a factor of 6 and the HF a
factor of over 4. The actual values are given in Table 4
below. Further, the sample was measured on the Beckman IR-12
and whereas before the infrared scan quite readily exhibited
the impurity bands (cf. Fig. 8 of Ref. 4), this time there
was no indication of any impurity absorption. Therefore,
both the ir spectrum and laser calorimetry indicate a strong
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Table 4
Absorption Coefficients for Yttralox

at DF and F Wavelengths

— emes wmu ong B =

2

Sample Wavelength total

. -1

| (microns) (ecm )
i As-received 3.8 1.4x10"2
E 2.7 l.4x10_2
After oxygen treatment 3.8 2.3x10°°
2.7 3.8x107°

reduction of these bands. However, from Table 4 we see that
the material is not yet intrinsic. Thus, the treated sample
has been sent back to General Llectric for another exposure
to high temperature oxygen and hopefully another reduction

of the absorption.

E. Sodium Fluoride

Sodium f{luoride was only briefly investigated in the

last report with the study of one sample obtained from
Optovac. Since then an exchange program has been initiated

with Dr. Ph1l Klein of Naval Research Laboratory to provide

high qualiity NaF crystals (rom their extensive NaF purifi-

cation program. Several of these samples have now been

20
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L' ' received and measured with more expected in the ‘uture.

The two samples reported on here were received polished
and therefore measured as-received. One sample had a small
amount of Li (1 mole %) added to the melt. The other was a
1 pure, second generation grown ingot. The results for both

samples are given in Table 5 below. In each case the values

Table 5
Absorption Cuvefficients for NaF

at DF and HF Wavelengths

Wavelength total

Sample -1
(microns) (cm 7)
NaF:Li (NRL 960) 3.8 7x10" 2
2.7 ox10~4
NaF (2nd Gen. No. 11) 3.8 2.7x10~4
9.7 4.3x10"%

given represent the average value after repolishing the
samples and chemical cleaning just prior to measurement.
Quite clearly, the purer, second generation NaF has
lower overall absorption as might be expected a priori.
One reason for this is the reduction of the OH  concen-
tration which occurs in the second generation growth
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process.15 A reduction of the OH has correspondingly re-
duced the HF absorption. One can be even more specific and
look at the position of the main OH  band in NaF which
occurs at 2.78 microns and compare this with the multiline
HF laser output (cf. Sec. 2B). One sees that indeed the
strongest HF lines are very near the OH 1line in NaF. The
lines at 2.738 and 2.777 microns should be strongly absorbed
by the OH  and thus a measurement of the HF B is an indi-
cation of the OH  impurity content in the crystal. Tunable
HF laser calorimetry, of course, would be ideal for a more
definitive study (planned for the future) but the multiline
output at least gives an average result for the amount of
OH~ present. Further work along these lines should be help-
ful to crystal growers of NaF and many other substances for

it will help indicate the OH impurity levels.

F. Miscellaneous Alkali Halides

In this section we shall summarize the results of
absorption coefficient measurements on LiF, NaCl, KC1l, and
KBr. These materials have been routinely measured as part
of our overall material's characterization program but as
yet have not received the large amount of individual at-
tention accorded the previously described measurements.
Some of these hosts have shown some very low B's and there-
fore greater efforts will be devoted to them in the upcoming

riod.
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The LiF was obtained from Mr. Don Leslie at Harshaw
Chemical Co. The NaCl measured was Harshaw PolytranT“.
Naval Research Laboratory and Dr. Phil Klein kindly provided
the RAP grown KC1 and the KBr. All materials were polished
by us and chemical polishes were applied to the KC1 and KBr
as required.

The results for these four hosts are given in Table 6.
The data for LiF indicate the intrinsic nature of this salt
at DF frequencies. Deutsch16 has published a B versus w
curve for LiFand from this we extract an intrinsic 8 of

1 x 10-3cm-1 at around 3.8 microns. The frequency spread

of the DF multiline output influences the 8 value measured

since our value is an average over this small frequency range.

Thus the average DF ¢ in LiF of about 1.8 x 10 Sem~1 is
essentially intrinsic with the difference between Bmeas.
(1.8 x lo_dcm_]) and Brgs 11 x 10_3cm-1) being mostly due

to the frequency spread of the multiline laser output used
in the measurements.

The PolytrunTM NaCl has a very low DF absorption - the
lowest measured value of any crystal studied to date. For
some unknown reason KCl1 does not measure as low although it
should. Both of these hosts as well as KBr are currently
being measured in our vacuum calorimeter. This is necessary
to minimize surface contamination. It is felt that these
salt crystals may exhibit very low 5's once surface con-
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Table 6
Absorption Coefficients for LiF, NaCl, KCl, and KBr

at DF, HF, and CO2 Wavelengths

Wavelength Btotal
Saupn e (microns) (cm-l)
LiF (No. 1) 3.8 2.4x10" 3429,
2.7 7.7x10" 4279
LiF (No. 2) 3.8 2.1x1073+7%
2.7 6.4x10"%+309
LiF (No. 3) 3.8 1.8x1073:1%
2.7 8.0x10 149
NaCl (poly) (PRN 1) 3.8 1.5x10"%:57%
2.7 1.8x1073+10%
NaCl (poly) (PRN 2) 3.8 6.2x10"%+20%
2.7 2.1x1073
KC1 (NRL-B2) 3.8 9.5x10 %+3%
KBr (NRL-4) 10.6 1x1073

tamination can be controlled.

reason for this is that

surface preparation, i.e. chemical polishing techniques, are

so well understood for these substances that it should be

possible to reduce surface absorption to a very low level.

Another reason is that these materials are now produced
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very pure due to the large amount of technology that has
gone into the crystal growth methods of salts. Further,

more careful studies of these crystals are planned.

G. Hughes Research Calcium Fluoride

In a recent exchange program with Mr. Art Braunstein of
Hughes Research Laboratories, several CaF2 samples have been
received for measurement. These samples are in support of
a Hughes DF window coating program sponsored by ONR. The
samples received were forged Can and single crystal CaF2.
All were polished and chemically cleaned then potted with a
plastic film prior to shipping. Just prior to measurement ,
this protective coating was removed. It was observed in
some cases that on further cleaning the absorption went
down. This may be due to the removal of a residue left on
the surface by the plastic film.

The results for several samples are listed below in
Table 7 along with comments pertaining to the type of surface
finish used. From the table it can be seen that the single
crystal material has lower absorption than the forged
material. In fact the single crystal material is the lowest
DF : measured to date in Can. Actually, another piece of
forged CuF‘2 in the shape of a long bar has indicated, in
measurements to be published later, that the 8 in the forged

material is not always so high. 1In fact the bulk B for the

]
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Table 7

Absorption Coefficients for Can at DF and HF Wavelengths

Wavelength 8total
Sample (microns) (cm—l) Comments
Forged CaF, 3.8 1.3x10_3t8% As received
Single Crystal) 1.8x1073+2%  After mech. polish
4.6x1073+13%  After cCl, wash
2.7 3.7x10_3t7% As received
3.0x107°:4%  After mech. polish
3.0x10" 3199 After CCl, wash
CaF, (Single 3.8  5.5x107%:11%  As received
Crystal 11309 1.7x10"%:9%  After mech. polish
07-4)
2.7 9.3x10"4:8¢9 As received

4.9x10"%+19%  After mech. polish

bar is in the low 10 %cm™?1 range. The £ values quoted in
Table 7 are for a forged disk and for some reason (maybe

surface absorption) this is higher than for a forged bar.
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H. Oklahoma State University Potassium Chloride

One sample . of OSU KC1l was received from Dr. Joel Martin.
This sample (OSU-021875) was chemically polished and
measured at 10.6 microns in our vacuum calorimeter. The

average 3 measured was 7.4 x 10—4 + 2% at CO2 wavelengths.

IV. SUMMARY OF EXPERIMENTAL RESULTS

In the preceding sections, detailed discussions on many
of the most likely candidates for use as chemical laser
window materials were presented. It is now possible to
collect all of this data, as well as results from earlier
progress repnrts,4 into two composite graphs which represent
at the present time the extent of our DF-HF absorption co-
efficient measurements. Such a composite will enable the
reader to quickly determine the range of £'s observed for
any particular host studied. It is expected that materials
will improve so that this list will be updated correspondingly
to reflect these changes as well as additions of new materials.
The composit¢ data at DF frequencies are shown in
Fig. 2. The bars indicate the range of total (bulk plus
surface) absorption measured. Fig. 3 shows results for the

same samples at HF frequencies.

It is possible to cautiously draw some conclusions about
the best potential laser window materials from Figs. 2 and 3.
Care 1s necessary because the absorption is only one of
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several critical physical parameters which dictate the
effectiveness of the material as a chemical laser window.
Therefore, from essentially only an absorption coefficient
point of view,one can say that the alkaline earth fluorides
are one of the best window candidates at this time. Equally
good in terms of a low range of B's are NaCl and NaF. The
most promising oxide material would be Yttralox while the
semiconducting material of greatest appeal would be ZnSe.
These recommendations, as mentioned above, would have to be
weighted in terms of other physical parameters entering,
for example, the figure of merit for the materiall2 in
order to obtain the best window. 1n addition, of course,
the specific requirements of the qulication would further
limit the choice. In materials research programs acrcss
the country efforts continue to improve the above hosts so
that it is likely that in the future these materials will
continue to be highly recommended as the best window

candidates.
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Multiphonon Absorption of Alkali Halides and Quasiselection Rules

J. A. Harrington
University of Alabama in Huntsville, Huntsville, Alabama 35807

C. ]. Duthler”
Xonics, Incorporated, Van Nuys, California 91406

F. W. Patten and M. Hass+

U. S. Naval Research Laboratory, Washington, D. C. 20375

A well-defined band has been observed in the low temperature
infrared spectrum of KI, KBr, Nal, and RbCl in the region corre-
sponding to the sum of three optical branch phonons and no corre-
sponding band in the two- and four-phonon regions. These results
can be accounted for Ly deducing an odd-even quasisclection rule
for cryst~l< having a gap between the optical and acoustical branches

of the vibration spectrum,

The infrarcd absorption spectrum of alkali halides in the multiphonon region has |}
received a great deal of experimental and theoretical attention in the past few years.
For all alkali halide crystals which have been studied previously, the experimental
results consist of an cxponentially decreasing absorption as a function of frequency
which contains no resolved structurc in the three-phonon and higher multiphonon
regions.l The theoretical interpretation of these results has been accounted for by

a number of different approaches which have generally assumed that anharmonic
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cotmling of the nhanans ro the reststrahl mode is the main source of the multiphonon

absorption. The present experimental results provide the first evidence for
structurc in the multiphonon absorption of alkali halides. A well-defined band has
been observed in the low-temperature infrared spectrum of KI, KBr, Nal, and RbCl1
in the frequency region corresponding to the sum of three optical branch phonons.

No corresponding bands have been observed in the two- and four -phonon regions.

Boyer ct al. predicted structured absorptien in these crysials for both even and
odd sums of optical branch phonons. This structure arises from peaks thai occur in
the multiphonon de sity of states of these crystals which have a gap or near gap be-
tween the optical and acoustical branches of the phonon spcctrum.8 To account for
the missing even sum bands observed experimentally, one must use a theory that
takes proper account of transition matrix elements rather than simply using an aver-

age matrix clement along with the multiphonon density of states.

A general theory of multiphonon absorption based on actual phonon interactions
and dispersion rclations has been presented by Sparks and Sham.2 By proceeding
along the lines of Sparks and Sham for the two-phonon case, Duthler and Sparks
calculated the two-phonon absorption of Nal, which has a gap, to deduce a quasi-
selection rulc.9 This rule states that the two-phonon band associated with the sum
of two optical branch phonons would be expected to be much weaker than the sum in-
volving onc eptical and one acoustical branch phonon, The cxtension of a calculation
of this nature and the generalization of the quasiselection rule to higher sum bands

is presented here and can be applied to explain the present experimental results.

o e e
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The experimental results for the infrared multiphonon spectrum for KI, KBr,

Boyer et 31.8 and the results for Nal arc shown in Fig, 2 along with a comparison
with the present theory. Results have been taken on different crystals with differ-
ent spectrometers and a correction for low temperature emittance of the sample

was employed. Consequently, it is believed that the observed spectral structure

{ ' RbC], and NaCl are shown in Fig. 1 along with a comparison with the theory of :

is indicative of the bulk crystal and not associated with impurities or with the in-

struments, Some difficulty in reproducibility was found at lower absorption coef-

ma—

ficients which is believed to be ass -iated with surface cffects, but spectra in this

region are not essential to our argument,

The results for NaCl are typical of many crystals which have been studied
previously in that the absorption coefficient decreases cxponentially as a function
! of frequency wita little or no structure in the three- and higher n-phonon regions,

even at lower tcmpcratures.10 The calculations of Boyer suggest that some slight
] structurc might be present at low temperatures for NaCl even beyond the two-

phonon region. While the experimental results might be regarded as showing some

structure, this would be difficult to confirm without additional measurements,

On the other hand, for K], RbCl, Nal, and KBr, a definite band appears at low
temperatures and some trace of this may exist at room temperature. The position
of this band is in quite good agreement with approach based upon a multiphonon
density of states with a position for these gap crystals corresponding to the sum of
three optical branch phonons, I'urthermore, no corresponding band appears in the

frequency range corresponding o two- and four- optical branch phonons., It can be

scen in Fig. 2 for Nal tha. theoietical calculation by the approach to be described




succeeds in reproducing the main features of the experimental data of Nal
and is in accord with the quasiselection rule deduced from these calculations. As is
evident from the data, the quasiselection rule appears to hold for the other gap and

near gap crystals studied here.

In calculating the absorption coefficient, we include only the anharmonic con-
tribution to the absorption in which a photon is absorbed by virtual excitation of the
fundamental reststrahl mode which decays by cmission of n final-state phonons.
The contributions to the absorption from higher-order dipole moments is neglected,
although there have been recent estimates that this contribution may be large.1
As the transition matrix clements for both mechanisms are similar, the quasisclec-
tion rule and general shape of the absorption may have many common features using

ecither mechanism,

In the following, we present a new form ior the Sparks and Sham expression for
the absorption fromn n-phonon absorption processes. At least for crystals having a
gap, it is possible to show the existence of an n-phonon quasiselection rule which
states that the splitting of tic fundamental reststrall phonon into an odd number of
optical phonons is a strong process, while the splitting into an even number is a
weak process.

Using the results and notation of Sparks and Sham, the "anharmonic" contribution

to the absorption cocfficient 8 as a function of frequency ¢ is

4mNe? ww (W)

cmrnrQ (w? - wf2 )2 ‘ [wfr(w)]z

B(w) = 3 (1)

ol o . ,
where N is the number of unit cells in a crystal of volume 1, ¢ is the Born effec-

tive charge, c¢ is the speed of Tight, m is the reducced mass of the two ions in the
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unit cell, n e is the refractive index at frcquency w, wy is the frequency of the
fundamental mode, and I'(w) is the relaxation frequency of the fundamental mode.
The contribution of the n-phonon summation process to the relaxation frequency I’

is obtained in Ref. 2 from straightforward perturbation thecory which yields

21 1 f m o mg (n+1)\* , 2
28 1 & % e n+
T (w) = ;—2 = (2m<) (mr ) w (n +l) (¢ )A L . @
where
e n
z“=N-n Z NA(Zq).) G(w-EwQ)
Ql...Qn =1 J i=1 j
o]
xjn 2|U (Q)| —TJ““‘ [l-&(-l)n+ cos (22 (PQ )] . (3)
i
and where
. 1/2 iqx ann . “p(Q])
B - e, Mgy s, UG . »

In Egs. (2)-(4), m¢ and mg, are the smalier and greater ionic masses; n(ij) is
= A s “ -
the Bose-Einstein occupation number of the phonon mode Qj having wave vector q] .
i e i W are the x
branch bj' and frequency u.()j, w<ij mnd Waq.x 2Te the x-components of the
polarization vectors representing the displacements of the smaller and greater ions;

(n+l1)

is the spacing between nearest-neighbor ions; and ¢ is the (n+1 )th deriva-
P

%nn
tive of the assumed nearest-neighbor, central-force potential. In Eq. (2), An is a
vertex correction factor to the simple vertex where the fundamental mode splits

dircctly into n final-state phonons which is considered explicitly in writing Egs. (3)

and (4). The sum over phonon modes Qj in Eq. (3) is unrestricted.
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We have choscn to write the Fourier transform of the x-component of the
relative displacement Ux(Qj) in Eq. (4) in terms of a magnitude and a phase (,ij 5
which is slightly different than in Ref. 2 where En was incorrectly written into
terms of the two products of the real and imaginary parts of the Ux term. The
principal term involved in deduction of the quasiselection rule is the phase factor
thj. For a given branch, the phase factor (.‘)Qj tends to remain constant through
the Brillouin zone with (,DQj = (0° for optical branches and (,ij 2= 9()° for acoustical
branches. This result has been calculated directly for the simple casc of the linear
diatomic chain with nearest-neighbor interactions. In the present calculations, the
values of (,OQJ_ were taken from lattice-vibration calculations for Nal using the de-
formation dipole model of Karo and !-lardy12 where the mean value of (,DQj was
found to be 3°, 3°, and 4° for the three optical branches of Nal and 71°, 106°, and
115° for the three acoustical branches. By approximating the " 1se factor by 0°
for optical branches and by 90° for acoustical branches, it is possible to arrive
at the odd-cven quasiselection rule for sums of optical branch phonons in gap crys-
tals by insertion in iq. (3). The slight departure from an exact value of 0° or 90°
will result in a weakening of this sclection rule for higher multiphonon processes.

In the case of Nal, it would be expected to hold to about seven optical phonons.

Another simplification results froni the realization that the magnitudes of
Ux(Qj) for a given type of branch (optical or acoustical) are fairly constant through-
out the Brillouin zone, at least for gap crystals, cxeept for the relatively unimportant
case of acoustical phonons ncar the zone center, This result is obtained using either
a one-dimensional diatomic chain, or using the Karo and Hardy polarization vectors

for Nal. If this approxnnaticn is made, the complicated a’ dependent sum in Eq. (3)
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is reduced to a thermally weighted density of states in which the branches are kept
distinct. These approximations also allow one to easily calculate vertex correc-

tions, which are found to be negligible for Nal.

Details of the multiphonon absorption calculation using the quasiselection rule
will be published elsewhere. B s the present calculation, it has been assumed that
the width of the final-state phonons is less than the width of the histogram bins used
in Fig. 3. This is a fairly good approximation at 80K, but there is experimental
evidence from inelastic neutron scattering data indicating that the phonons are broad-

ened at room temperature, cspecially for the longitudinal optical branch where there
is considerable broadening. Consequently, the room temperature theoretical

curve is much sharper than the experiiiental curve where no distinct three-phonon
peak is obse.-rved.14 Incorporating a phonon linewidth in the present theory would

improve the agreement.

In conclusion, the first experimental evidence for a well-defined band in the
three-phonon region of an alkali halide has been found in KI, RbC1, KBr, and Nal,
all of which have a gap or near gap between the optical and acoustical branches.
This band, which corresponds to the sum of three optical branch phonons, can be
accounted for by a generalization of a quasisclection rule which states that the odd
sum band of optical branch phonons in the multiphonon spectrum is much stronger
than the even sum. This quasisclection rule has been deduced for a crystal having

a gap, but is believed to apply to somc extent to all of the alkali halides.

We should like to thank L. L. Boyer for permission to use his unpublished
calculated spectrum of RbC1, and M. Sparks for discussions concerning the theory
of multiphonon absorption. One of us (JAH) would like to thank Mr.Don.
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FIGURE CAPTIONS
Absorption coefficient as a function of frequency for
some alkali halides compared with calculations (upper
curve, 300 K, lower curve, 50 K) of Boyer, et al.,
Ref. 8. Upper data points are at 300 K (o , UAH; O ,
NRL) while the lower set are at 80 K (®, UAH; e, NRL).
For crystals with a gap or near gap (KI, KBr, RbCl),
the band corresponds to the sum of three optical branch
phonons. For NaCl, which lacks a gap, no well-defined
structure is observed at low temperature.
Absorption coefficient as a function of frequency for
Nal compared with present calculations (solid and
dashed curves). As in Fig. 1, the upper data are at
300 K (o, UAH; o, NRL) and the lower data are at 80 K
(m, UAH; @, NRL). The band corresponds to the sum of
three optical branch phonons.
Contributions to the relaxation frequency I' of Nal as
a function of frequency w for quasiallowed combinationg
of phonons. The relatively small contribution made vy
the quasiunallowed sum of twe optical phonons is shown
by a dashed line to illustrate the validity of the

gquasiselection rule.
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