
Abstract. A highly-efécient phase photothermal method is
developed for quantitative measurements of the small optical
absorption coefécient in thin plates made of highly trans-
parent materials in which bulk losses signiécantly exceed
surface losses. The bulk absorption coefécient at 10.6 lm is
estimated in polycrystalline diamond plates grown from the
vapour phase (a CVD diamond). The results are compared
with those for natural and synthetic diamond single crystals
and with the concentrations of nitrogen and hydrogen impu-
rities. The absorption coefécient of the best samples of the
CVD diamond did not exceed 0.06 cmÿ1, which, taking into
account the high thermal conductivity of the CVD diamond
(1800 ë 2200 W mKÿ1 at room temperature), makes this mate-
rial attractive for fabricating output windows of high-power
CO2 lasers, especially for manufacturing large-size optics.

Keywords: polycrystalline diamond, optical absorption, photother-
mal method, CO2 laser.

1. Introduction

Diamond optics has aroused recent interest because it can

be used in technological cw CO2 lasers [1, 2], in output
windows of super-high-power gyrotrons (to deliver milli-
metre radiation) [3], in IR imaging systems, including
military applications [4], in Raman laser converters [5]. This
interest is explained by the unique combination of optical,
mechanical and thermal properties of diamond, which
determine its advantages as an optical material, especially in
the IR range. Because of the symmetry of the cubic atomic
lattice, the intrinsic one-phonon absorption is absent in
diamond, which makes it transparent in the broadest
spectral region from 225 nm to radio waves for the band
gap of 5.4 eV. The exception is the absorption bands in the
region from 2.5 ë 7.5 mm, caused by the two- and three-
phonon absorption mechanisms [6].

Compared to zinc selenide, which is a conventional
material for the CO2-laser windows, the thermal conduc-
tivity of diamond is more than two orders of magnitude
higher and the thermooptical coefécient and the thermal
expansion coefécient are signiécantly lower (Table 1).
Therefore, despite a much stronger absorption of diamond
at a wavelength of 10.6 mm than that of ZnSe
[a � (3:3ÿ 3:6) �10ÿ2 cmÿ1 for natural type-IIa single

crystals [7, 8], aZnSe � (5ÿ 6)� 10ÿ4 cmÿ1], the unwanted
thermal lens effect in the case of an output diamond window
of a CO2 laser proves to be approximately 200 times weaker
than that in the case of ZnSe windows [1, 9]. In addition,
because of the high strength of diamond windows, their
thickness can be decreased down to 0.7 ë 1 mm, while the
typical thickness of ZnSe windows is 6 mm.

The resistance of diamond windows to laser radiation is
rather high, which allows them to withstand the action of a
radiation beam from a CO2 laser with the power density of
about 100 kW mmÿ2 [2]. The highest hardness and chemical
inertness of diamond provide a high service reliability of
diamond windows, which are resistant to scratches and dirt.
In addition, diamond is radiation hard (i.e. low sensitive to
the action of UV radiation of the discharge plasma in the
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Table 1. Parameters of a polycrystalline CVD diamond and ZnSe at room temperature [1, 4, 5].

Sample
K
�

W mKÿ1
H
�
GPa

dn=dT

(10ÿ6Kÿ1)
e
�
MPa h

�
mm

g
�
10ÿ6

Kÿ1
n a

�
cmÿ1

l � 10:6 mm
e (%)

l � 0:63 mm l � 10:6 mm

CVDdiamond 2000 90 10 350 ë 600 0.7 ë 1.0 1 2.39 2.38 0.03 ë 0.10 Unknown**

ZnSe 17 8 92 ë 107 1.8 4 ë 6 7.1 2.6 2.4 0.0005 ë 0.0006* 0.04***

N o t e : K is the thermal conductivity; H is the hardness; dn=dT is the thermooptical coefécient; e is the bending strength; h is the typical window
thickness; g is the thermal expansion coefécient; n is the refractive index; a is the absorption coefécient; e is the surface absorption coefécient; * the
quantityobtained fromcalorimetricmeasurements (usuallypresentedwithout separation intobulkandsurface losses), forahigh-qualitymaterial the
bulk quantity is a � 0:00025ÿ 0:0003 cmÿ1; ** obviously absent; *** minimal value (strongly depends on the quality of surface treatment).



laser cell), stable in the aggressive media (even in the
hydroêuoric acid) and preserves its properties at elevated
temperatures.

Probably, the érst paper, in which attention was paid to
diamond as a promising material for output windows of
high-power CO2 lasers, was the work of Douglas-Hamilton
et al. published in 1974 [9]; the paper reported the results of
radiation resistance tests with a synthetic single crystal
diamond of size 1� 2� 4 mm irradiated by a cw 10-kW
laser beam. Unfortunately, neither natural diamonds nor
single crystals obtained by the conventional technology of
synthesis at high temperatures cannot be used in practice in
high-power lasers due to the limitation in their size (as a
rule, it is several millimetres across). At the same time,
modern methods for growing diamond élms and plates from
the vapour phase [the Chemical Vapour Deposition (CVD)
technology] allow one to obtain optical-quality polycrystal-
line diamond plates of diameter more than 150 mm and
thickness of more than 2 mm [10 ë 12], whose properties can
be close to those of especially pure diamond single crystals.
The minimal absorption coefécients a of the CVD diamond
measured at 10.6 mm are 0.030 ë 0.065 cmÿ1 [2, 13, 14].
Note that the absorption coefécient in the CVD diamond
depends on the conditions of its synthesis affecting the
concentration of defects and impurities; therefore, the
precise control of this parameter, which is critical for
producing IR optics, is very important.

At present, the most widely used method for measuring
the absorption coefécient is the calorimetric method whose
main advantage is the simplicity of realisation. However,
interpretation of the data obtained by this method encoun-
ters substantial diféculties especially in those cases when it is
necessary to study samples of different shapes, to determine
separately the coefécients of bulk and surface absorption as
well as to study their distribution in the sample [15, 16].
Concerning the CVD diamond, calorimetric measurements
were performed in papers [2, 13, 14].

The mentioned problems can be overcome by using the
thermal-wave diagnostic techniques, which are based on the
measurement of a small periodic increase in the sample
temperature caused by the absorption of time-modulated
optical radiation [17, 18]. The thermal-wave methods also
include the photoacoustic techniques for detecting thermal
oscillations appearing upon periodic heating of the sample
and its following expansion. The disadvantages of the
photoacoustic techniques consist in the fact that it is not
completely contactless (the samples should be éxed to a
piezoelectric element or a cell with a microphone), which
leads to poor reproducibility of the experimental data under
special conditions: at high (low) temperatures or pressure, in
a chemically active medium, etc.

Of special interest are photothermal spectroscopy optical
methods because they are completely contactless, highly
sensitive and have a large spatial resolution. Among these
methods, the phase (interference) method [19 ë 21], in which
the change in the optical path length of the probe beam
propagated through a heated region is measured with a
probe interferometer, has the highest sensitivity. Application
of different optical interferometers for detecting thermal
waves has been described elsewhere [22 ë 24]. Polarisation
interferometers are especially convenient [24]. Their advan-
tages include high stability and sensitivity and small overall
dimensions. We have successively used such interferometers
for photothermal detection of impurities in a highly-efécient

liquid chromatography, for studying excited states in active
crystals of Nd :YAG lasers and the electrooptic effect in
polymers [25 ë 27].

This work is devoted to the photothermal study of
absorption in polycrystalline CVD diamond plates at a
wavelength of 10.6 mm. We have shown that the growth
technologies of this material available in Russia allow one to
start in the near future the practical development of power
diamond optics.

2. Samples

Transparent polycrystalline diamond élms of thickness
0.3 ë 0.5 mm were grown at the General Physics Institute of
the Russian Academy of Sciences on silicon substrates of
diameter 57 mm in the microwave plasma in CH4/H2 gas
mixtures by using a special 5-kW, 2.45-GHz microwave
UPSA-100 plasmochemical reactor [12]. Typical synthesis
conditions were as follows: the methane concentration in
the mixture was 0.9%ë 2.5%, the gas êow rate was
1.0 L minÿ1, the pressure in the chamber was 90 ë 95 Torr
and the substrate temperature was 820 ë 840 8C.

The diamond élm structure was inhomogeneous ë the
lateral size of columnar crystallites was 50 ë 80 mm on the
growth side (Fig. 1) and � 1 mm on the side adjacent to the
substrate. After chemical removal of the silicon substrate,
the most defective 15 ë 30-mm-thick diamond layer located
on the small-grain side was abrasively polished. After laser
cutting the initial diamond disk into plates of size no more
than 8� 8 mm, they were polished from both sides (Fig. 2)
which provided the root-mean-square roughness
Rrms � 7ÿ 15 nm (within one grain the roughness could
be only 0.2 nm; however, at the grain boundaries there were
`steps' of height of several nanometers) [28]. The Raman
spectra of all the samples under study exhibited only one
strong and narrow (the FWHM is no more than 3 cmÿ1)
line at the 1332-cmÿ1 frequency, which is typical of a high-
quality diamond. We failed to énd the presence of non-
diamond phases ë amorphous carbon or graphite.

We compared two samples of the single crystalline
diamond: colourless natural diamond close to the IIa
type with a small content of nitrogen impurities (sample
T-111) and yellowish synthetic (100)-cut diamond with a
high concentration of nitrogen (grown in a high-pressure
apparatus, sample MM). The facets of both single crystals

110000 mmmm

Figure 1. Unpolished surface of the polycrystalline diamond (sample
0905, optical microscope photography).
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were thoroughly polished. Some parameters of the samples
under study are presented below in Table 2.

Absolute concentrations of hydrogen impurities (in the
form of CH, CH2 and CH3 groups) and nitrogen impurities
in the substituting site in the lattice node (C centre) in the
CVD-diamond samples were determined from the optical
transmission spectra T (l) in the UV (270 nm) and IR
(2800 ë 3100 cmÿ1) regions by the method [29] involving
Specord M400 and M80 (Carl Zeiss) spectrometers, respec-
tively. In the IR spectral range, the photometric accuracy
was 0:002T. The concentration of nitrogen and hydrogen
atoms was (0:2ÿ 0:3)� 1018 cmÿ3 and
(10ÿ 18)� 1018 cmÿ3, respectively.

We determined the nitrogen concentration and state in
natural and synthetic crystals by analysing the shape of the
IR absorption band in the one-phonon region (1400 ë 800
cmÿ1) [30] and the absorption spectra in the UV region in
accordance with the calibration ratio from [31]. The band at
1280 cmÿ1 with the amplitude of about 1.4 cmÿ1 prevailed
in the IR spectra of natural diamond. Natural diamond
under study belongs to the IaB type [31]. The nitrogen
concentration in the form of A centres (two nitrogen atoms
in adjacent lattice nodes) was about 8� 1018 cmÿ3, the
concentrations in the form of B1 and B2 centres [nitrogen
segregations in (111) and (100) planes] were signiécantly
lower. The absorption at the wavelength of 10.6 mm
(945 cmÿ1) in diamonds, where A centres prevail, was
approximately 30 times smaller than that in the maximum
at the frequency 1280 cmÿ1, i.e. was 0.04 cmÿ1.

The nonuniform colouring of the synthetic diamond
single crystal is caused, érst of all, by the inhomogeneous
distribution of C centres in the growth sectors. According to
the data on UV absorption (band at 270 nm) the nitrogen
concentration in the substitution state changes in the sample
from 5 to 30 ppm, i.e. within (1ÿ 5)� 1018 cmÿ3. The one-
phonon absorption spectra exhibit a complicated band with
the maximum at 1280 cmÿ1. In addition, the absorption
bands are resolved at 1430 and 1350 cmÿ1, a broad band
with the maximum at 1170 ë 1200 cmÿ1 and a band at 880
cmÿ1, which also indicates the presence of A and B centres.
According to the IR spectroscopy data, in the more
coloured part of the sample the nitrogen concentration
in the form of A centres is 100 ppm, B centres ë 50 ppm, and
C centres ë 30 ppm. In its transparent part the nitrogen
concentration is lower: 60 ppm in the form of A centres,
20 ppm ë B centres, and 5 ë 10 ppm in the form of C centres.
The band in the IR spectra with the maximum at 880 cmÿ1

is most likely of the dislocation character because it is
usually observed in plastically deformed synthetic and

natural diamonds [32]. Hydrogen was not found in sin-
gle-crystal samples.

Figure 3 presents the absorption spectra in the range
from 175 nm to 20 mm for one of the CVD diamonds (0206)
and for natural and synthetic single crystals. The trans-
mission of the CVD diamond at 10.6 mm is close to the
theoretical value 71.5%, but in the UV region the poly-
crystalline diamond demonstrates higher losses both due to
absorption and the increase in scattering supposedly at the
grain boundaries. The band at 2.5 ë 6.2 mm is caused by the
multiphonon absorption [6].

3. Measurement technique

Figure 4 shows the scheme of the setup intended for
quantitative measurements of absorption. The plate under
study was placed in the probe interferometer perpendicular
to probe beams (the probe radiation wavelength was
0.66 mm and the distance between the beam axes was
1 mm). By using a lens with the focal distance F � 120 mm,
the pump radiation of cw CO2 laser (LG-25, the power
after propagation through the sample ë 2.6 W) was focused
into the waist region of one of the probe beams. The
heating-beam radius was r0 � 220 mm and the probe-beam
radius was o0 � 60 mm. The second probe beam propa-
gated through the unheated region of the sample. The
intersection regions of the probe and heating light beams
with respect to the sample were scanned by displacing the
latter along the propagation direction of probe beams
(shown by the arrow in Fig. 4). In this case, the intersection
region of the probe and heating light beams fell sequentially
in air in front of the sample, on the front face, in the sample
bulk, on the rear face and in air behind the sample. This
method was user earlier to study optical absorption in
ZnSe, ZnS and on thier antireêection coatings [33 ë 36]. The
CO2-laser intensity at 6.7 kHz was modulated with the help
of a mechanic chopper. The absorption of the CO2-laser
energy by the sample lead to the local variable (at the
modulation frequency) heating and to the related changes
in the refractive index, which, in turn, caused the change in
the phase difference between the probe beams detected by
the probe interferometer. The heating laser power (with the
instability within 10%) was continuously measured and the
signal was normalised to it.

Figure 2. Polished CVD-diamond plates of size 8� 8 and 3� 7 mm.
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Figure 3. Transmission spectra of natural (T-111, displaced to the top by
10% along the ordinate) and synthetic (MM, displaced to the bottom by
10%) diamonds and a CVD diamond (0206).
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4. Theoretical description

Figure 5 presents the typical experimental dependence of
the photothermal signal amplitude on the position of the
intersection region of the probe and heating light beams
with respect to the sample.

The spatial resolution `across' the sample of thickness d
is determined by the size of the heated region, i.e. the
diameter D of the heating beam and the thermal diffusion
length m � �K=(Cr2pf )�1=2. Hereafter, K is the thermal
conductivity coefécient, C is the heat capacity, r is the
density and f is the modulation frequency. In the case under
study (d � 125ÿ 450 mm, D � 2r0

���
2
p � 620 mm due to the

oblique incidence of the heating beam on the sample,
m � 170 mm), D� 2m > d. As is expected, the shape of
the photothermal response is close to the shape of the
beam of the heating laser radiation, which size determines
the spatial resolution. In this case, it is insufécient for
studying the absorption distribution over the sample thick-
ness, therefore, we assume that the heat is released
uniformly only in the sample bulk. This assumption should

be fulélled with a high probability because due to the large
enough coefécient of bulk absorption in diamond, the
surface absorption in the form observed in ZnSe [33 ë 35]
is obviously absent, which is indirectly conérmed by the
results of Ref. [14].

Thus, to describe the detected signal, we consider the
sample of thickness d with the coefécient of bulk absorption
a, which is in contact with nonabsorbing air (Fig. 6). In this
case, the amplitude of the photothermal response will be
proportional to the total absorption in the sample. In
addition, we assume in the theoretical description that
the intersection region of the probe and heating light beams
was scanned not by displacing the latter along the probe
beams by the quantity x 0 (Fig. 5) but by displacing the
probe beams along the sample by the quantity x0 (Fig. 6).
To relate these displacements, we will use Fig. 7, which gives

tan y1 �
D� x0
x 0

,

tan y2 �
D
x 0

,

which yields x0 � x 0( tan y1 ÿ tan y2).

We are interested in the temperature perturbation
appearing due to absorption of heating radiation, which
has a Gaussian intensity distribution I (x, y, z, t) and attenu-
ates during the propagation in the sample. The time
dependence of the heating radiation intensity had a meander
shape obtained with the help of the mechanic chopper:

Ii�x; y; z; t� �
2

p
Pi cos y1

r 20
exp

�
ÿ 2�xÿ z tan yi�2

r 20 =cos
2 y1

ÿ 2y 2

r 20

�

�
�
1�

X
m�1;3;5

am sin�mOt�
�
. (1)

Hereafter, i � 1, 2, 3 corresponds to the number of the
region under study (1, 3 ë air, 2 ë diamond); y1 in region 1
is the angle of radiation incidence on the sample; y2 in
region 2 is the refraction angle; y3 � y1 is the refraction
angle in region 3; r0 is the pump beam radius; Pi is the
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Figure 4. Scheme of the experimental setup: ( 1 ) probe diode laser
(l � 0:66 mm); ( 2, 5 ) polarisation beamsplitters; ( 3 ) sample; ( 4 ) 908
optical rotator; ( 6 ) Wollaston prism; ( 7 ) heating CO2 laser; ( 8 )
chopper; ( 9 ) power meter; ( 10 ) synchronous detector; ( 11 ) differential
ampliéer; ( 12, 13 ) focusing lenses.
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Figure 5. Theoretical (curves) and experimental (points) dependences of
the measured photothermal signal ~U=U on the position x 0 of the
intersection region of the probe and heating light beams for sample
0206; f � 6:7 kHz, o0 � 60 mm, r0 � 220 mm.
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Figure 6. Problem conéguration (see the text).
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mean power of heating radiation in the ith region; O � 2pf
is the circular frequency; am � 4=pm is the amplitude of odd
(m � 1, 3, 5) harmonics.

In this case, the thermal diffusion equation for each of
the Fourier components of the required perturbations is:

q 2Tm

qx 2
� q 2Tm

qy 2
� q 2Tm

qz 2
ÿ 1

wi

q 2Tm

qx 2

� ai
Ki

Ii�x; y; z�amIm�exp�imOt��, (2)

where Ki is the thermal conductivity coefécient; wi �
Ki=riCi is the thermal diffusivity; ri is the density; and
Ci is the heat capacity.

The temperature distribution Tm(x, y, z, t) can be found
in the form:

Tm�x; y; z; t� � Im

�
exp�imOt�

4p 2

� �1
ÿ1

� �1
ÿ1

~Tm�l; d; z�

� exp�ilx� idy�dldd
�
, (3)

where ~Tm(l, d, z) is the amplitude of the mth harmonic.
Expression (2) for it can be written in the form:

d2 ~Tm�l; d; z�
dz 2

ÿ x 2
i

~Tm�l; d; z� �
aiamPi

Ki

�

� exp

�
ÿ r 20 d

2

8
ÿ r 20 l

2= cos 2 y1
8

�
exp�ÿizl tan y2�, (4)

where

xi �
�
l 2 � d 2 � imO

wi

�1=2
. (5)

Taking into account that for the speciéed parameters
(f � 6:7 kHz, r0 � 220 mm, K1 � 2:5� 10ÿ4 W cmÿ1Kÿ1,
C1 � 1 J gÿ1 Kÿ1, r1 � 1:3� 10ÿ3 g cmÿ3, K2 � 22 W�
cmÿ1 Kÿ1, C2 � 0:52 J gÿ1 Kÿ1, r2 � 3:51 g cmÿ3) O=w1;2
is larger than l 2 and d 2, expression (5) can be approximately
written in the form: x 2

1;2 � imO=w1;2.

By neglecting absorption in air (a1, a3 5 a2 � a) and
taking into account the inénite increase in temperature when
z tends to �1, we obtain solution (4) in regions 1, 2 and 3,
respectively:

~Tm1�l; d; z� � A exp�x1z�, (6)

~Tm2�l; d; z� � B exp�ÿx2z� � am
a
K2

P2

x 2
2 (7)

� exp

�
ÿ r 20

8

�
l 2

cos 2 y1
� d 2

�
ÿ izl tan y2

�
� C exp�x2z�,

~Tm3�l; d; z� � D exp�ÿx1z�, (8)

where A, B, C, and D are the constant coefécients
determined from boundary conditions for z � 0 and z � d:

~Tm1�l; d; z� � ~Tm2�l; d; z�jz�0,

K1

d ~Tm1

dz
� K2

d ~Tm2

dz
jz�0,

(9)
~Tm2�l; d; z� � ~Tm3�l; d; z�jz�d ,

K2

d ~Tm2

dz
� K1

d ~Tm3

dz
jz�d .

Then,

A � 2 exp�ÿx1d �F
D

�
K1x1K2x2cosh�x2d � � �K2x2�2sinh�x2d �

ÿK1x1K2Qsinh�x2d � ÿ K 2
2 x2Qcosh�x2d �

� 2K2x2 exp�ÿQd ��K2Qÿ K1x1�
�
, (10)

B � exp�ÿx1d �F
D

�ÿ exp�x2d �
��K1x1�2 � K1x1K2x2

� x1K1K2Q� x2K
2
2Q
�� exp�ÿQd �

���K1x1�2 ÿ K1x1K2x2 ÿ x1K1K2Q� x2K
2
2Q
�	
, (11)

C � exp�ÿx1d �
D

�
exp�ÿx2d �

��K1x1�2 ÿ K1x1K2x2

� x1K1K2Qÿ x2K
2
2Q
�ÿ exp�ÿQd ��

���K1x1�2 � K1x1K2x2 ÿ x1K1K2Qÿ x2K
2
2Q
�	
, (12)

D � 2F

D

�ÿ K1x1K2x2 �QK 2
2 x2 � exp�ÿQd ��

��K1x1K2x2cosh�x2d � � �K2x2�2sinh�x2d �
�

�Q exp�ÿQd ��K1x1K2sinh�x2d � � K 2
2 x2cosh�x2d �

�	
, (13)

y1

x 0

y2

x0

D

Heating beam

Probe beam

1 2 3

1, 3 ë air

2 ë sample

Figure 7. Displacement of the sample along the probe beam by the
quantity x 0, equivalent to the displacement of the probe beam along the
sample by the quantity x0.
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where

F � am
a
K2

P2

x 2
2

exp

�
ÿ r 20

8

�
l 2

cos 2 y1
� d 2

��
;

Q � il tan y2;

D � 2 exp�ÿx1d �
��K2x2�2sinh�x2d � � �K1x1�2sinh�x2d �

� 2K1x1K2x2cosh�x2d �
�
.

The probe light at the wavelength lprob, which propa-
gated through the region heated in this way perpendicularly
to the interface, will acquire an additional phase incursion
(under condition that the temperature perturbation and its
gradient are rather small):

~Fm�l; d� �
2p
lprob

qn
qT

� �1
ÿ1

~Tm�l; d; z�dz. (14)

A periodic change in the phase difference of the probe
beams leads to periodic variations in the interference pattern
at the probe interferometer output. By assuming the probe
beam proéle in the region of the temperature perturbation
to be constant, the complex relative amplitude of these
intensity variations at the frequency 2pfm detected by the
far-éeld photodetector can be written by returning to the
variables x and y [20, 21] in the form:

DIm
I
�
� �1
ÿ1

� �1
ÿ1

dyjI0�x; y�j2 ~Fm�x; y�. (15)

Here

jI0�x; y�j2 �
2

po 2
0

exp

�
ÿ 2
�xÿ x0�2 � y 2

o 2
0

�
(16)

is the intensity distribution of probe radiation in the heated
region;

~Fm�x; y� �
1

4p 2

� �1
ÿ1

� �1
ÿ1

~Fm�l; d� exp�ilx� idy�dldd. (17)

Solution (15) contains rather many terms of complex
form. However, estimates showed that for the speciéed
parameters the terms in the form

DIm
I
� am

m
a
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make the main contribution to the relative amplitude of the
photothermal signal at the frequency 2pfm.

Because the greater part of the signal energy is con-
centrated in the érst harmonic, to improve the signal-to-
noise ratio it is expedient to detect only it by transmitting
the signal through the strip élter at the input of the
synchronous detector. Taking into account that the syn-

chronous detector measures the effective amplitude of the
érst harmonic, the detected relative voltage is énally
obtained in the from
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where U is the half the amplitude of the constant voltage at
the output of the differential ampliéer when the phase
difference of the probe beams changes by 2p.

5. Discussion of results

Figure 5 presents theoretical and experimental depend-
ences of the relative amplitude ~U=U of the photothermal
signal on the position of the intersection point of the heating
and probe light beams for sample 0206.

The theoretical proéles were obtained for three different
values of the absorption coefécient a. One can see that the
best coincidence with the measurements corresponds to
a � 0:072 cmÿ1.

For all samples we observed some discrepancy of
experimental points with experimental dependences, mainly
in the distribution wings. This is caused by the fact that in
the theoretical description we assumed the thermal diffusion
length to be much smaller that the heating beam radius,
which is not quite true. We can estimate the observed
discrepancy by calculating the areas below the experimental
and theoretical curves; the difference between these areas is
1.1 times. Thus, the absorption coefécient should be
increased by 1.1 times, which, however, does not exceed
the accuracy of the experiment (�20%). The noise level in
the measurements corresponds to the absorption coefécient,
which is no higher than 10ÿ2 cmÿ1.

The measured optical absorption coefécients of diamond
plates are presented in Table 2. Three CVD-diamond
samples out of four under study have the coefécient
a < 0:08 cmÿ1 and its minimal value is 0.057 cmÿ1. The

Table 2. Parameters of natural (T-111) and synthetic (MM) diamond
samples and of four CVD-diamond samples studied in this paper.

Sample
Sample dimen-

sions
�
mm

NN

�
1018

cmÿ3
NH

�
1018

cmÿ3
a
�
cmÿ1 at

�
cmÿ1

0206 8� 8� 0:31 0.2 13.5 0.079 0:09� 0:05

£¬²-2 8� 8� 0:23 0.2 18.0 0.12 0:14� 0:05

0905 7� 3� 0:45 0.3 11.5 0.06 0:08� 0:04

1005 8� 8� 0:45 0.2 10.0 0.057 0:08� 0:04

MM 13:3� 0:32 15 ë 0.086* 0.2

ë 0.345* ë

32 0.53* 0.5

T-111 4� 3� 0:18 6 ë 0.086 0:08� 0:05

N o t e . The concentrations N of impurity nitrogen and hydrogen atoms
are given. The absorption coefécients at 10.6 mm are measured by the
photothermal method (a) and obtained from the transmission spectra (at).
* Local values in the synthetic single crystal in three regions with different
content of nitrogen impurities (optical transmission spectra were measu-
red in regions of size 1� 1mm).
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absorption increases with increasing the content of hydro-
gen impurities, which is not strange because hydrogen has a
tendency to decorate defects in diamond and is a good
defectiveness indicator of the material [37]. Note that
according to data from paper [38] the integral (over angles)
quantity of the optical scattering from defects and grain
boundaries in the polycrystalline CVD diamond is two
orders of magnitude higher than in single crystals, but
does not exceed 1%.

In most perfect diamond single crystals the absorption
coefécient at 10.6 mm is 0.033 ë 0.036 cmÿ1 [7, 8]. This is the
lowest threshold caused by the long wavelength `tail' of the
two-phonon absorption band in the region from 3.75 ë
7.5 mm [6]. In the synthetic single crystal (sample MM) the
absorption coefécient is several times higher (0.086 ë
0.53 cmÿ1), which is explained by the increased (by two
orders of magnitude compared to the CVD diamond)
content of nitrogen. The difference in the absorption
coefécients within one sample is explained by the known
phenomenon of inhomogeneous distribution of impurity
nitrogen atoms in the growth sectors [39]. This distribution
leads to the nonuniform colouring of the crystal in the
visible spectrum (from colourless to yellow). Thus, the
possibility of the local probing of even small objects by
the photothermal method has been demonstrated. In this
case, the spatial resolution was about 0.8 mm, but it can be
easily improved several times by increasing the modulation
frequency and decreasing the diameter of the heating beam.

The data on absorption (at) obtained from the trans-
mission spectra at 10.6 mm, on the whole, well agree with the
quantities determined by the photothermal method; how-
ever, the error in determining at for the most transparent
samples is much higher ë of the order of 50%.

For polycrystalline diamond sample 0905, the measure-
ments of the thermal conductivity coefécients along the
plate (Kk) and along the normal to it (K?) yielded
Kk � 1820 W mKÿ1 and K? � 2280� 170 W mKÿ1 [40],
which are close to the thermal conductivity coefécients
of type IIa single crystals. The anisotropy of thermal
conductivity (about 20%) is caused by the peculiarities
of the crystallite structure, namely, by a higher frequency of
phonon scattering at the grain boundaries during the
propagation of phonons across column crystallites (Kk)
compared to the direction along the columns (K?). Such
large thermal conductivity coefécients justify the selection of
the polycrystalline diamond as a material for power optics
in the IR range.

6. Conclusions

By using the phase photothermal method, we have mea-
sured the bulk absorption at a wavelength of 10.6 mm in
plates made of the polycrystalline CVD diamond grown in
the microwave plasma and in samples from natural and
synthetic diamond single crystals. The method allows the
local probing with the resolution less than 0.8 mm. The UV
and IR transmission spectra have allowed us to obtain data
on the content of impurities (nitrogen and hydrogen atoms)
in samples. We have also analysed their correlation with the
measured absorption coefécients, which were 0.057 ë 0.53
cmÿ1. For the thermal conductivity coefécient 1800 ë 2200
W mKÿ1, a high quality CVD diamond is suitable for
producing output windows for high-power cw CO2 lasers
with a drastically decreased thermal lens effect.
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