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Abstract

An overview of some of the theoretical and experimental aspects of the
AFCRL optical avaluation program for high-power laser window materials is
presented, A vector diffraction theory used to treat the thermal lensing problem
is described. Absorption coefficient measurements on state-of-the~art window
materials are presented, and problems encountered in optical evaluation by
calorimetry are discussed, A new interferometric technique for measuring
absorption coefficients of low optical loss materials is described.
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Some Aspects of the Optical Evaluation of
CO, Laser Window Materials at AFCRL

1. INTRODUCTION

The evaluation of far infrared transmitting materials for use as high power
002 laser windows has received considerable attention in recent years (Sahagian
and Pitha, 1971a). In particular, recent progress in the development and
exploitation of high-power output laser systems has disclosed serious material
limitations which can lead to optical failure of the window prior to the onset of
observable physical damage. Optical performance of the window may be degraded
by absorption processes, scattering mechanisms or thermal distortion effects
which cause the window to act as an aberrating lens. It is these "thermal
lensing' phenomena which may place a fundamental limitation on the use of high-
power laser systems.

AFCRL is presently involved in the growth, and physical and optical characteriza-

tion oi new materials for infrared laser windows, This paper provides an over-
view of some of the theoretical and experimental aspects of the optical evaluation
program for laser window materials. A vector diffraction theory of aberration
which supplies the detailed three-dimensional laser beam intensity distribution in
all space and for all times is used to treat the thermal lensing problem. Calori-
metric measurements of absorption coefficients for window materials grown at
AFCRL and other facilities are presented, and the influence of sample homogeneity

(Received for publication 29 June 1972)
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on calorimetric data is demonstrated. Finally, a new interferometric technique
for measuring low absorption coefficients is described and the application of inter-
ferometry to window device evaluation is discussed.

2. THEORY OF THERMAL LENSING IN LASER WINDOW MATERIALS

The absorption of energy from a non-uniformn laser beam incident on a
sample leads to the imposition of « non-uniform temperature distrioution in the
sample (Sparks, 1971; and Jasperse and Gianino, 1972). Due to the dependence
of the refractive index on temperature, the effective optical path length in the
sample becomes a function of position, and the szmple acts as an aberrating lens.
In addition, the faces of the sample bulge, further contributing to the lensing
effect. Finally, induced stressesg lead {o position dependent changes in the
refractive index, These various effects cause distortion and defocussing of
laser beams traversing solid samples, conventionally referred to as ''thermal
lensing'.

Due to stress~induced effects present in many potential window materials,
it is necessary to adapt vector (Jackson, 1962), rather than scalar wave theory
to describe lensing, One may show (Bendow et al, 1971-72) that the vector
Kirchhoff approximation leads to the following expression for the {field i] beyond
a thin circular sample:

03

~
1 + U,€

U=Uyey +Upy s

1
Ul(u,v) = 27r/c; dppEl(P)[JG(pV) exp (ik(bp) -Jl(pv)(exp(ikd’p)~~exp(ikd>9))/pv]

X exp (--}-‘-15-2- )'

U2(u,v) = 2'rrf1 dppEzip) [Jo(pv) exp (ik®g) +J1(pv)(exp(iktbp)-exp(iwbe))/pv]
o

. 2
xexp (- 19),

where & and ®qare the aberration functions (Born and Wolf, 1964) character-
izing p and 6 polarized radiation, E{e\1 + Ez/e\,, is the incident tield oun the sample,
and the Ei's; have been taken to be functions of radial position alone. The

coordinates {u, v) are defined by
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Figure i. Coordinate System at Window ind Near
Obsgervation Poiut P, O' is the Gauss . wu prefocus

with k the wave vector and a2 the window radiu.:. ‘The coordinate system employed
is depicted in Figure 1. We note that the i>rnu given is appropriate in the small
angle approximation.

Following Sparks (1971) and Jasperge and Gianine (19%72), for example,
one may derive the functiont & and fbe. which take the following form
in terms of the thermal distribution AT(p, t), with t the time:

.0 ,6 (P 2
@, glost) = ash*<aT>, + 4asf jo x <AT> dx/p® ,

where we have omitted a constant term which does not effect the value of the
intensity. < >z indicates an average with respect to the 2 direction (across the
thickness). Cne finds

gP - B0, b‘,_n:i[(l-y)) ~vp,,] +a (14v)(n-1)
1 aT 2 P127"P1y !

p _=.n ,
sz =a -—i}— (1‘”)(P11'P12I ]
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Here n is the refractive index, an/aT is taken at cero-stress, « is the thermal
expression coefficient, v is Poisson's ratio, and the pi.'s are stress-optic
coefficients. It may be shown that for isclated (uncooled) windows, the linear
time approximation to AT applies in the time regime of interest. Neglecling
variations along the window thickness, in this regime one oblains for a Gaussian

beam:

1
22 22
- )6 -2 ,e -2 ) 22
é @p'G-Clp "X P +Cgp (1-e"% P Ta%p%,
K
iz where the incident amplitude
3
o] 22
i e P,
$ £
S .
{; and ;
4 ¢
i P 0 = ,016
¢ Lo PoPtS; /ct,

with Lo the window thickness, 8 the bulk absorption coefficient, Po the incident
peak power, and C' the specific heat times the density. Analogous results for ®
may be derived for other beam geometries as well.

: A convenient quantity to investigate is the power per unit solid angle at the
observation point relative to its initial value at the Gaussian prefocus, We refer
to this quantity as the “intensity" and it is given by

2
o Mg v

2 2
lu, 1%+ 1u,]

I{u,v,t) =

1 1
|21rjr dppiﬁll(p)l2 + |2'n'f dppE2(_0)|2
) o
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For a linearly polarized Gaussian beam, one obtains

. o4 10 Peos®y + ju, |siny

R 2\ 2
T (1-e’a>

where ¥ is the angle between 91 and the incident field. For an unpolarized beam,
2y by 1/2.
A pictorial representation of lensing may be obfained by displaying the full

¥
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one replaces sin®y and cos

amr

: intensity dietribution I(u, v) at consecutive values of the abstract time C=C lp_
This is illustrated in Figure 2. One notes lhat as time increases, the maximum
intensity degrades, the beam spreads and diffuses over u larger region of space,
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and the diffraction focal point shifts away from the initial Gaussian prefocus.
There are a variety of ways of expressing the beam degradation. In Figure 3, for
example, the maximum intensity, the average intensity within a fixed radius, and
the cffective beamwidth are plotted versus abstract time. The decrease in in-
tensities with time and the increase of the beamwidth provide complementary
descriptions of the beam degradation.

For simplicity, it is often useful to consider just the evolution of the on-axis
intensity distribution [ Bendow and Gianino (1972)] as a function of time. In
Figure 4 we display the on-axis distribution at ten successive times for KC1 and
CdTe. Note that KCl is a "diverging' material, while CdTe is "converging".

The on-axis distribution is especially useful for extracting the maximum intensity
as a function of time for various materials. In Figure 5 we display the intensity
degradation for four materials. In addition, the behavior of a composite lens of
compensating layers of NaCl and KI, one which is converging and the other
diverging, is {llustrated. From the figure it is evident that the threc alkali-
halides are substantially superior optically to CdTe. In addition, the composite
window yields an optical performance nearly an order of magnitude better than
that of the individual constituents.

It can be shown thrt the defocussing effect may be compensated for by an
appropriate time~dependent refocussing (Bendow and Gianino, 1972). On the other
hand, the intensity degradation cannot be averted and thus becomes the dominant
failure mode in the optical performance. The classical "aberration criterion"
for the performance of 2 lens is the maintenance of the maximum intensity to a
specified fraction of t'.c initial intensity, For example, Marechal's criterion
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Figure 3. Pecak Intensity Im, Average
Intensity Within a Radius v = 12, Iyyy,
and Beamwidth Vb, vs Dimensionless
Time C, for Same Parameters as in
Figure 2
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{Born and Wolf, 1964) considers a system "aberrated" when | ~ 0. 8 I,- Inthis
spirit, we define the degradation thine tr in which the maximum intensity degrades
to [ times its inltial value; the larger tf, the better the optical performance. As
the quantity f is arbitrary and varies with the application, we will choose as an
example the 90 percent degradation time to' 9° (The relative performance of the
various materials will not vary very much with f, although of course the absolute
magnitude of te will, ) By employing values for the material parameters displayed
in Table 1, one is able to compute a table of values of to' 9 for different materials,
and for different beamnshapes «. In Table 2 we present values for to. 9 at 10.6 um
for a variety of materials, and two beams, onc wider and one narrower with
respect to the window. It may be concluded that as a class, alkali-halides are
substantially superior in optical performance to semiconductors and glasses,
From among the alkali-halides, KBr appears to be markedly superior. 1t must
be noted, however, that the predicted values depend critically on a variety of
material parameters, some of which are not accurately known. Thus some
adjustments in relative ratings are certainly possible when better values for
these parameters become available. We also note the dependence of relative
ratings on beamwidth, due to diffraction effects. For the values of P0 and L
indicated, characteristic degradation times are in the hundreds of seconds for
alkali-halides, and in the tens for semiconductors. These values scale inversely
with P and L,; as one goes to a higher power P'o and larger thickness L‘o,

tp = (Po/P'o)(Lo/L'o)tt' This inverse scaling illustrates the difficulty of main-
taining required intensities at the target at higher powers, and under conditions
where mechanical constraintg require greater window thicknesses.

As data becomes available® on new materials and as better values are
obtained for existing materials, it is believed that the present analysis can be
usefully applied to predict just which materiale perform beat optically. Thus,
when combined with appropriate experimental verification, this approach can
provide a comprehensive and rigorous basis for the selection of laser window
materials.

# For a collection of current values, see 'Compendium on High Power IR
Laser Materials", C. Sahagian and C, Pitha, Eds., AFCRL-72-0170 (1972).
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; = Table 2. Optical Performance of Laser Window Materials at
% 10.6 um (P_ =500 W/cm?, L =2 cm)

&

P i

3 t90% (sec): Time in which maximum
E F;} intensity degrades to 90% initial value
' { ; Material Wider Beam Narrower Beam
g B A-C(z-llzp2 Asce3p2

{ &

k8 KBr 3220 1670

< 1 KCl 75 60

H

% :
E o3 NaCl 190 47

by §

3 K1 125 38
e Csl 36 5.5
CsBr 27 4,2
s CdTe 16 2.4
¢
ko ZnSe 2.5 0.4
|

AN Ge 0.6 0.1
R IRTRAN-4 0.6 0.1
2N IRTRAN-6 0.1 0. 02

i ]

e § 3. EXPERIMENTAL

Fo
. 3.1 Calotimetry

N

In this section we describe aspects of the experimental optical evaluation
: program at AFCRL. These have currently centered principally about calorimetric
! measurements of absorption coefficients, and application of interferometric
‘ techniques for studying absorption and for device evaluation. We discuss these
2 programs and certain of the results below.

o 3.1.1 CALORIMETRIC EQUIPMENT AND TECHNIQUES

Calorimetry equipmeant is in operation at AFCRL, for routine measurements
¥ of small ~bsorption coefficients at 10. 6 um, The calorimeter consists of a large
3 aluminum cylinder with feedthroughs for thermocouples, evacuation ports, and

; mounts for windows, A special feature is a bellows sample mount which allows
accurate positioning of different regions of samples in the beam for scanning
purposes. A 5-watt stable 002 laser is directed either through apertures to

e i et et s e o~ R o vt s b ne e smare s s Rt
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limit the beam or through a Ge focussing lens. Both the initial laser power and
that transmitted through the sample is measured with a disc-type calorimetric
power meter. Thermccouple voltages are measured during the thermal rise
and decay periods, amplified by a dc nanovoltmeter, and recorded.

Althcugh the equipment was designed for evacuated adiabatic calorimetry,
most measurements are made in air without windows. Comparative measurements
have shown that when both rise and decay rates are properly considered, identical
results Yor absorption coefficients are obtained in vacuum and in air. Also,
elimination of windows removes the possibility of scattering of laser radiation
from window surfaces and allows a more sensitive determination of bulk or sur-
face scattering occurring within the crystal.

Sample surfaces are prepared either by polishing or cleaviné. The most
reproducible results are obtained when thermocouples are attzached either to
optically polished or as-grown surfaces. Thermocouples are usually placed on
opposite sides of the sample equidistant from the laser beam. The presence of
scattered laser radiation which produces direct heating of the thermocouples is
evidenced by a steep slope in the thermal rise curve just after laser turn-on, and
a corresponding slope in the decay curve after turn-off. Good agreement of
thermal rise and decay rates for thermocouples placed on opposite sides of the
sample is also an indication that directional scattering is not present.

3.1.2 ANALYSIS OF THERMAL RISE AND DECAY CURVES

A typical thermal rise and decay curve obtained when the laser heats the
sample for a given period of time and is then turned off is shown in Figure 6.

T(OK} %—)RISE
N\ e

2
sh_+1
P 2n Ptr

inc
d’I‘l .
dt .
rise

Time {Seconds)

BLpinc = mc

dt

decay f

Figure 6. Typical Thermal Rise and Decay Curve
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The heat absorbed in the sample is determined from the sum of the (dTI/ dt) rise
and |dT1/ dtl decay slopes measured over the same temperature interval as
indicated by the dashed lines. For most samples the sum of the rise and decay
slopes are nearly constant over the temperature range of measurcment unless
some other mechanism such as scattering is operative.

The absorption coefficient designated as B (or f A) is determined from the

expression

dT, dT,
BLP. _=mcil—— + | .
n¢ \ dt rige dt decay

-]
"

temperature above ambient,

-
"

sample length,

‘o
"

incident power,

3
"

sample mass,

0
n

specific heat.

The power incident on the sample is either measured without the sample in place
or determined from the transmitted power by the relation

Py - (1-R)2e"ﬁd
P 1~I?Ze'2[’d

inc
where R = bulk reflectivity, and d = sample thickness. For small absorption

coefficients e'ﬁd %1 - f3d and

Pir | 1-RZ(-pa)
Pine  1-R%(1-28d)

With absorption coefficients small enough for 1-fd = 1, the expression reduces to

that shown in Figure 6

Ptr =(1--R)2= 2n
F.inc 1--R2 n2:i

B . Ty




2
where n = index of refracticn, since for the above approximations R = (“'1)2 .
(n+1)

3.1.3 ABSORPTION OF SINGLE CRYSTAL KC1 AND POLYTRAN KCl1

Thermal rise and decay curves are shown in Figure 7 for a polished sample
of Harshaw KCi. The difference in absorption coefficients, measured for thermo-
couples placed at the positions shown on the top polished surface of the erystal, is
attributed to a small amount of direct radiation (in this case reflected from the
calorimeter windows) reaching the front and rear thermocouples. The thermal
rise and decay curves of these thermocouples-show the steep slope regions
characteristic of direct heating. These additional slopes are not present in the
curves of the center thermocouple for-which the lowest rise and decay rate of
0. 037°K/W min and absorption coefficient BA = 0. 0053 r.'m'1 is measured.

From similar measurements on Harshaw Polyiran KC1, we have determined
that material grown by this process with its greater strength capability has
absorption equivalent to single crystal KCl. Absorption coefficient values of
0.0040 £ 0.0010 c:m'1 were determined for a sample with polished faces normal
to the laser bearmn and rough ground faces foy attachment of thermocouples. The
absorption coefficient variation was between thermccouples placed on different
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Figure 7. Thermal Rise and Decay Curves for Harshaw KC1 Crysial
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faces equidistant from the laser beam and may have resulted from thermocouple-
surface contact or possibly some internal inhomogeneity. With better surfaces
and improved material, even lower abscrption coefficients may be found.

3.1.4 EFFECT OF IMPERFECTIONS OM CALORIMETRIC

MEASUREMENTS OF ABSORPTION COEFFICIENT

With the emphasis of the AFCRL program on the development of new CO2
laser window materials, an important aspect of characterization is measurement
of small samples and small regions of larger samples to determine homogeneity.
Our calorimetric nieasurement eguipment has been developed along these lines
and our measurements demonstrate that imperfections can produce scattering of
the laser radiation and regions of higher absorption in a crystal,

Figure & shows the thermal rise and decay curves for a crystal of
KCIO. 3281‘0. 68 (LQ-97)*grown at AFCRL. This material has a hardness close
to three times that of either KCl or KBr, but still has a relatively low absorption
coefficient. The sample surfaces normal to the laser beam were cleaved while
those to which thermocouples were attached were in the as-grown condition,
Measurements with different size beams demonstrate the efiect of a small imper-
fection visible within the crystal lying close to t..e front surface. With no windows

24 { I 4 1 1 1 i
~Smm BEAM KCI, O CRYSWL LQ 97
3 4mm SEAM
'l PY [ TRAN DM TER ANONITION
20} N T st mowen cotrncant B, |
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' A : 4ne,  pr ° 00038 *
\ ' tonm, e 00096 °
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I'igure 8, Thermal Rise and Decay Curves for KCIO.SZBro 68
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and a 4-mm aperture limiting the laser beam to a region which covered very little
of the imperfection, very similar rise and decay curves are seen for both thermo-
couples. With the beam widened to ~6 mm and intercepting the imperfection,
steeper rise and decay slopes, after normalization to °K/W, are observed and a

EOGAREE R
-."'s.',} z,“‘ et
MR

2” 1., correspondingly larger absorption coefficient is measured. A value of 0. 0053 cm'l
z, x is found as compared to 0, 0036 cm'1 when the imperfection region is avoided. A

f . pronounced ste :p Slope region, probably due to direct heating through scattered

? radiation, is seen in the rise and decay curves of the thermocouple closest to the

e S

imperfection.

The data of Figure 9 demonstrates the effect of a planar imperfection on
calorimetry results. A rectangular sample 1,27 x 1. 27 x 2. 54 cm polished on all
sides was prepared from a crystal of AFCRYL grown KC1 {LQ-50). Absorption
measurements made with a focussed beam of 1-mm diameter through the center
of the long dimension gave a value of 0, 0038 cm"1 with excellent agreement for
thermocnuples placed on different sides of the sample. A much larger absorption
coefficient, 0.0077 cm'l, was measured with the beam directed through the center
of the shorter dimension.
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When examined interferometrically with a helium-neon laser, a scattering
surface extending through the long dimension of the crystal and slightly displaced
from the center was observed, The increase in absorption with the laser directed
through the shorter dimension is attributed to the beam passing through this
imperfection region.
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Absorption coefficient measurements on cleaved sections taken from the same
erystal indicate that this imperfection did not extend throughout the boule.
Measurements were ma:.e with a l=-mm focussed beam and a wider 4-mm beam
directed normal to the cleaved surface, Little difference was observed between
absorption coefficients determined when the beam covered different areas near
the center of sample #1. The abgorption coefficient values ranging from 0.0031
to 0. 0036 cm"1 were also in good agreement with that measured for the long
dimension of the polished sample.

A different result was obtained with different size beams for sample #2 which
must have contained an imperfection within the region of measu~ement, An
absorption coefficient of 0. 0040 cm'1 was obtained with the 4~-mm beam size,
When the beam was focussed to 1 mm, however, a value o. 0.0083 cm‘l, com-
parable to that measured for the short dimension of the polished sample, was
found. The higher absorption coefficient probably arises from concentration of
the most intense part of the heam into the imperfection region.

The problem of inhomogeneity in absorption at 10. 6 um is also found for
other potential window materials., A large sample of CdTe was sent to a number
of laboratories engaged in calorimetric m«asurements as part of 2 "round robin"

CdTe *|
ro¥ BEAM AVERAGE ABSORPTION
POSITION ~TRANSMITTED  COEFFICENT g
- POWER ——Phh
' CENTER 3.075 WATTS  0.097% cm™
2 .o 3.2%0 ° o.ne
| SMM.BELOW 3.350 ° 0.0306
GENTER
2 “ o 3,350 ° 00238

T.C. * i TC *2
~ G MM, DINMETER
LASER BEAM
POSITION wT.
. s 8___ 77436 GMS,
/
N /

751
cm.

Figure 10, Absorption Coefficient Variation With Position in
CdTe Crystal
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gponsored by AFML. A wida variation of absorption coefficient values ranging
from 0.024 to 0.414 cm-1 were obtained for this sample by the different
laboratories. Our measurements with a 6-mm diameter beam positioned at the
center gave the values shown in Figure 10, or an average value of 0. 105 %

0. 007 cm'l. With the beam positioned 5 mm below the center of the sample, a
much lower absorption coefficient is found with an average value of 0. 027 *

0. 0035 cm-l. The absorption coefficient of this sample at 10. 6 um is seen to be
very non-uniform, varying by nearly a factor of four over a relatively small
region close to the center,

3.1.5 ABSORPTION COEFFICIENTS OF STATE-OF-THE-ART
MATERIALS

Calorimetric measurements of absorbed power thus nrovide a sensitive
determination of absorption coefficient at 10. 6 um. These techniques can also
be extended to study homogeneity in crystals and other materials useful for
CO2 laser windows. The materials investigated to date at AFCRL and absorption
coefficients found from our measurements are listed in Table 3. These values
have been determined from an average of results where good agreement has been
obtained between two or more thermocouples. The absorption coefficients listed
are for sections of samples which do not contain flaws or other localized regions
of strong absorptlon or scattering., Also listed in Table 3 is the condition of
surfaces norinal to the laser beam. Absorption coefficients of Table 3 are for
samples measured at AFCRL and may not agree with literature values of

Table 1.

Table 3. Absorption Coefficients of State-of-the-Art Materials

Absorption Coefficient

Sample Surface Condition BA (en.” 1)
KC1 (Harshaw) Polished 0. 005%
KCl (Harshaw Polytran) Polished 0. 0040
KC1 (AFCRL) Polished 0. 0049
KCl1 (AFCRL) Cleaved 0. 0030
KCly, 32Brg, 68 (AFCRL)* Cleaved 0. 0035
KBr (Commercial Window) Polished 0. 0030
KBr (AFCRL) Polished 0. 0040
ZnSe #4 (Round Robin) Polished 0. 058
ZnSe (IRTRAN-4) Polished 0. 048
CdTe #6 (Round Robin) Polished 0. 0045
CdSe (ARL) Polished 0.016
GaAs (Monsantc) Polished 0. 015

Note: * ALQLOY (patent applied for)
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3.2 Intecferometry

9 3.2.1 ABSORPTION COEFTFICIENT MEASUREMENTS

Although calorimetry is a sensitive method for the determination of small
{; absorption coefficients, the results of the previous section indicate some of the
i‘:‘x problems that arise with these measurements. Difficulties encountered in
§"’} thermocouple placement and attachment, surface and bulk absorption, and internal
&3

and surface scattering complicate the interpretation of calorimetric data. In this
section, we discuss a new technique for measuring absorption coefficients of low-
loss materials which can minimize some of the problems encountered in conven- !
tional calorimetry. This technique, shown in Figure 11, utilizes an interfero- 7
meter such as the Twyman-Green or Mach-Zender type. The method employs a
frequency stabilized He~Ne probe beam, but other lasers may be used as long as
the sample is transparent. to the probe beam radiation. The technique, based on
the number of interference fringes counted, can be made more sensitive by using
shorter wavelength probe beams. The method consists of inserting the window
p sample in a furnace into one leg of the interferometer and observing the fringe
shift as a function of sample temperature. Subsequently, when the sample is
heated by absorbing CO2 laser radiation, the fringe shift versus temperature
calibration serves as a remote "thermocouple" to sense window temperature rise.
If a sample of uniform thickness and refractive index is inserted into one leg
of the interferometer, then constructive interference occurs whenever the optical
; path difference is an integral number of wavelengths, or ’
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2Ln = KX, (1) ‘

i where

L is the window thickness,

] n is the refractive index,

; K is an integer,

A is the probe radiation wavelength,
{

(The factor of 2 arises because the Twyman~Green interferometer is of the
double pass type.) If the sample is uniformly heated, the fringe pattern will

G traverse the center of the field because of changes in refractive index and thick-
ness. The fringe shift observed per degree temperature change is found from
Eq. (1) to be:
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for a KBr Window Obtained on the Apparatus of Figure 1
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If the sum of the temperature coefficient of refractive index (—x-i- %) and the

expansion coefficient (iL' %—[-l”-,-) is constant over soine small temperature range,
then the fringe shift varies linearly with temperature. The slope of the fringe
number versus temperature curve is given by Eq. (2). A representative calibra-
tion curve obtained with a 6328 X probe beam is shown for a KBr sample in
Figure 12, The data were generated by uniformly heating the sample with a
resistance furnace and monitoring the temperature rise at the point where the
He-Ne probe beam passes through the window. After this calibration curve is
obtained, the 002 laser is aligned so that its beam path is nearly collinear with
that of the probe beam, The sample is then heated with the CO2 laser beam and
the fringe pattern movement is monitored as a function of time. From the previous
calibration curve, the corvesponding temperature versus time curve is derived,
and the absorption coefficient at 10. 6 um is calculated.

We mention here several advantages of this interferometric technique over
conventional calorimetry:

(1} The neced for temperature sensors attached to the sample is eliminated.
Absorption coefficients are determined for the actual area through which the CO,,
laser passes. )

(2) Mecasurements can be performed in the small time region (less than a
characteristic thermal diffusion time) before edge heat losses and other non-
symmetry offects become important. Therefore, thermal decay need not be a
consideration {sce paragraph 3. 1),

(3) Calculations of the three-¢imensional heat flow equation reduce to the
r = 0 case and become independent of sample geometry.

(1) If the expansion coefficient is known, the same general apparatus can be
used to defermine the temperature dependence of the refractive index [ see Eq. (2)].
Also, a separate interferometric technique can be used to evaluate the expansion
coefficient (Foster and Osterink, 1968),

(5) Absorption variations due either to local compositional or refractive index
inhomogeneities can be evaluated by scanning the probe and/or heating beams
across the window. Similarly, various » gions can be investigated for non-uniform
heating effects.

{6) Measurement sensitivities can be increased by increasing sample lenygth
and by decreasing probe beam wavelength, (Focussing the CO,, beam is himited,
however, by thermal induced stress-optic eftects as descx‘ib(r(fbcloxv. )

{7) It may become possible to separate bulk and surface absorption by passing
the CO2 lasing beam perpendicular to the probe beam.

Thus far, interferometric measurements have yiclded absorption coefficients
consistentiy small.r than those found by standard calorimetry. For example, the
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absorption coefficient for the KB sample whose cilibration data is shown in
Figure 12 was found to be ~ 1><10-3 cm-:l interferometrically, while calorimetry
gave a value of ~ 3x10-3 cm-l. This discrepancy may be partially a result of
the failure of the calibration technique to consider stress-optic effects thermally
induced by the Gaussian CO2 laser beam., For alkali-halides these stress-
induced effects may be on the same order as the temperature variational effects,
especially if a sharply focussed CO2 heating beam is used (Horrigan and Deutsch,
1971). If one or more of the stress-optic coefficients are reversed in sign to
that of the refractive index and/or thermal expansion coefficients { which is the
case for KBr (Sahagian and Pitha, 1971b) , the thermal and stress effects will
tend to cancel. Interferometrically, then, the sample will appear to have a
smaller absorption coefficient, Therefore, care must be taken to minimize
thermsl stresses during CO2 laser heating if an accurate measure of the absorp-

tion coefficient is to be obtained by this technique.
3.2.2 DEVICE EVALUATION

Although the absorption coefficient is an important physical property in-
fluencing the performance of the laser window as a device, it {s only one of ap-
proximately nine material parametcrs which contribute to thermal lensing
phenomena in solids. A measure of this thermal distortion effect is the key re-
quirement in predicting the optical performance of a material as a high-power
laser window device. It has been shown (Hordvik, 1971) that attempts to obtain
a device figure-of-merit based on measurements of thermally induced focal
lengths meet with severe experimental difficulties., These limifations arise
because of the low accuracy with which induced focussing can be measured for a
diffraction limited beam.

Interferometry has traditionally been a p~werful tool for testing the per-
fection of optical components. In particular, interferometric measurements are
a highly accurate means of determining variations in optical path length, Since
thermally induced, non-uniform path length changes are responsible for therrnal
lensing, interferometry may provide a senzitive and rapid indication of laser
beam distortion. The approach, then, is to measure the effect of the beam on the
window rather than the effect of the window on the beam.

Figure 13 shows a sequence of Twyman~Green interferomertric patterns of a
KBr sample with an incident CO2 laser beam power density of 900 W/cmz. The
fringe patterns were produced by a lle-Ne probe beam with the apparatus shown
in Figure 11. Localized distortion of the pattern when the CO2 laser radiation is
incident on the window is clearly evident in Figure 13(b) and 13(c). The fringe
pattern is seen io recover when exposure to the CO, laser beam terminated
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Figure 13, Time Dependence of Twyman-Green Interference Patterns of a
KBr Window With 900 W/cm?2 [ncident CO, Radiation
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[Figure 13(d)]. Although window distortion is clearly evident from the inter-
ference patterns, attempts to accurately measure transmitted CO2 beam intensity
degradation were unsuccessful.

Measurements such as path length changes (that is, fringe movement) per
2K unit time as a function of beamwidth or intensity may provide a rapid method of
rating window materials.

In summary, interferometric techniques can be devised to measure absorp-
tion coeificients as well as thermal expansicn coefficients, thermal coefficients of
refractive index, and stress-optic effects. In addition to measuring material

A SRR AR

properties, interferometry may well provide rapid figure-of-merit ratings on
the thermal lensing characteristics of high-power infrared laser windows.

ol sttt

4. SUMMARY

We have presented an overview of the principal elements of the current
optical evaluation program for high-power laser windows at AFCRL. Various
other aspects of the program were reported by Sahagian and Pitha (1971a) . A
Kirchoff vector diffraction theory of thermal lensing has led to predictions of ma-
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terials best suited optically for use as laser windows. Calorimetric measure-
ments of absorption coefficients of state-of-the-art window materials have been

3
g i s s B o fB

i presented. The effects of surface preparation, sample inhomogeneities and im-

e § perfections, and scattering on calorimetric measurements have been discussed.
Finally we have presented an interferometric method for measuring absorption
coefficients and discussed window performance evaluation based on temporal

shift of the interference pattern. As materials improve methods of optical evalua-

tion must become more sensitive and it is anticipated that interferometry will
find greater application in predicting the performance of laser windows.
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