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Determination of the origin of the 10.6-um absorption in CO, laser

window materials

J.R. Hardy and B.S. Agrawal

Behlen Laboratory of Physics, University of Nebraska, Lincoln,
Nebraska 68508

(Received 11 December 1972)

Theoretical studies are presented which show that it should be possible to determine
whether the absorption at 10: 6 pm in alkali halides is due to impurities or whether it is
intrinsic. These studies show that the temperature dependence of the measured absorption
should be very different for intrinsic multiphonon absorption as compared with defect-

activated absorption.

The development of high-power infrared lasers has led
to a need for window materials having a very low ab-
sorption coefficient in order to avoid thermal lensing.®
In the important 10.6 um region, the alkali halides
KC1 and KBr appear to have the lowest absorption co-
efficients.? It has been suggested that the residual ab-
sorption in alkali halides at 10. 6 4m may be impurity
limited rather than intrinsic in origin. However, there
is no eagy experimental method of distinguishing be-
tween intrinsic and impurity absorption at these low
levels. The purpose of this letter is to point out that
some clue as to the origin of this absorption might be
obtained by studying the temperature dependence of the
absorption.

If the 10,6 tm absorption in KCl is due to higher-order
lattice absorption, then it must be at least a five-phonon
process. Such processes can be brought about either by
the sixth-order anharmonic terms in the lattice poten-
tial energy or by the fifth-order dipole moment. %In
either case, the temperature dependence is the same.
Thus we shall make the hypothesis that the intrinsic ab-
sorption involves the creation of five phonons, each of
which has the same characteristic energy, and that this
energy is given by 7%, where & is the angular frequen-
cy of the 10. 6 um radiation in free space. This is ob-
viously an approximation, and more detailed investiga-
tion may well modify the contention that the five phonons
have the same energy. However, examination of the
single -phonon density of states for KC1* indicates that
the frequency calculated in this way lies in the region
where the density of states is significant. Thus, since
the selection rules for five-phonon processes are much
less stringent than those for one- and two-phonon pro-
cesses, it is reasonable to assume that the most prob-
able five-phonon processes are indeed those for which
the phonons in question have approximately the same
frequency. Given this assumption, a computation of the
temperature-weighting factor for either the anharmonic
process or the fifth-order dipole moment process gives
the following result:

Ao (ng+1)* —n, (1)

where 4 is the absorption and ny=[exp(#Q/5kT) - 1], k
is Boltzmann’s constant, and T is the temperature.
From this expression we have computed the expected
temperature dependence, and the resultant curve is
shown in Fig. 1 for values of T between 0 and 800 °K.

If we now turn to the case where the absorption is defect
activated, then from quite general considerations one
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can argue that the absorption cross section for any given
defect-induced absorption must be directly proportional
to the number of defects. Since this is the case, it fol-
lows immediately that, unless the defect has an effective
charge that is orders of magnitude greater than that of
the ions of the host lattice, any 10.6 um absorption due
to the fifth harmonic of defect-activated lattice absorp-
tion will be completely negligible compared with the in-
trinsic 10.6 pum absorption. This is so because the im-
purity concentrations in KCl specimens that have been
studied are reported as being in the parts-per-million
range. Consequently, the defect-activated absorption
will be ~10°® times smaller than the intrinsic absorption.

Thus we are forced to the conclusion that if the residual
absorption at 10.6 pm is associated with an impurity
mode, then it must be an impurity mode whose frequency
lies sufficiently close to 10.6 um for either the one- or
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FIG. 1. Plot of the five-phonon intrinsic absorption at 10.6
pm as a function of temperature for KCI. (Note that the limit-
ing value as 7— 0 is unity.)
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FIG. 2. Plots of various types of defect-induced absorption at
10. 6 pm as functions of temperature for KCl: (A) absorption
due to the creation of one local mode phonon and two lattice
phonons; (B) absorption due to the creation of one local mode
phonon and one band mode phonon; (C) absorption due to the
first overtone of a local mode; (D) absorption due to the crea-
tion of a local mode phonon and the simultaneous destruction
of a band mode phonon.

two-phonon side bands of the local mode absorption to
occur at 10.6 um. An alternative possibility is that the
impurity mode frequency may be greater than 10.6 tm,
and the absorption 10.6 ptm is associated with a differ-
ence process in which a local mode phonon is created
and a band mode phonon is destroyed. For the purposes
of this letter we have chosen to examine four specific
cases: (i) The absorption is due to the creation of a band
mode phonon, whose frequency is taken to be the same
as that used in the calculation of the intrinsic absorption,
plus a local mode phonon. (ii) The absorption is due to
the creation of a local mode phonon plus two band mode
phonons. (iii) The absorption is due to the overtone of

a local mode. (iv) The absorption is due to the creation
of a local mode phonon together with the annihilation of
a band mode phonon. The appropriate expressions for
the temperature dependence of the absorption A are
given by

Ac (ng+ Ding+ 1) —nyn,
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n =[exp@AQ/RT) = 1] [case(i)]; (2
Ac (ny+ 1) (ng+ 1)? —npnd,
np = [exp@nQ/kT) -1]* [case(ii)];
A (ng+ 1) =43,
ns = [exp(iQ/2kT) —1]7! [caseliii)];
Acng —ny,
ny=[exp(67Q/5:T) = 1] [case(iv)].
These results are displayed graphically in Fig. 2.
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On comparing the curves in Figs. 1 and 2, it is at once
obvious that there is a great difference between the
variation of absorption with teniperature for the intrin-
sic five-phonon process and that predicted for processes
(i)—(iv). In particular, the intrinsic absorption changes
by more than an order of magnitude between 300 and

600 °K, while the defect-induced absorptions vary by
factors of only 2 or 3 over the same range. The stron-
gest variation is that manifested by the local mode plus
two band mode phonons. However, this process is likely
to be much weaker than the other possibilities since it
is second order in the anharmonic interaction between
the defect mode and the lattice modes while the other
processes considered are only of first order in the
anharmonicity.

Thus it would seem that measurements of the tempera-
ture dependence of the residual absorption could be an
extremely useful diagnostic tool to discriminate between
intrinsic absorption and impurity-induced absorption.
For processes (i), (ii), and (iii) measurements from

200 °K upwards are likely to be the most revealing, for
process (iv) measurements of the absorption at tempera-
tures below 300 °K are likely to provide the most infor-
mation, since the intrinsic absorption approaches a
constant value below about 200 °K whereas the impurity
absorption process (iv) decreases very rapidly with tem-
perature below room temperature and becomes zero at
0°K.

Thus we have demonstrated, by choice of certain speci-
fic examples, that measurements of the temperature
dependence of the residual 10.6 Lm absorption are a
potentially powerful means of determining its origin.
Moreover, more sophisticated theoretical studies are
also likely to prove fruitful.
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