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Abstract. The paper reviews the latest results on the application
of hyperspectral imaging to measure the temperature distribu-
tion and the emissivity on the surface of solids under laser
heating in diamond anvil cells. In 2016, it was proposed to use
a double acousto-optic filter, which enabled obtaining a large set
of experimental points on the Planck curve and achieving a high
accuracy of temperature determination. Employing an acousto-
optic filter also makes it possible to visualize the intensity
distribution of infrared laser radiation, study melting, and meas-
ure the thermal conductivity of metals at high pressures and
temperatures.

Keywords: laser heating, temperature distribution, high pres-
sures, emissivity, thermal radiation, phase transitions, dia-
mond anvil cells

1. Introduction

The behavior of matter under extreme conditions (high
pressures and temperatures) is of interest for both funda-
mental and applied research [1-5]. An analysis of the behavior
of minerals at high pressures and temperatures makes it
possible to determine the internal structure of Earth,
simulate volcanic eruptions, and study the water cycle in the

P V Zinin, K M Bulatov, A A Bykov, Yu V Mantrova, I B Kutuza *)
Scientific and Technological Center of Unique Instrumentation,
Russian Academy of Sciences,

ul. Butlerova 15, 117342 Moscow, Russian Federation

E-mail: ® kutuza@mail.ru

Received 1 April 2021, revised 18 May 2021
Uspekhi Fizicheskikh Nauk 192 (8) 913-925 (2022)
Translated by E N Ragozin

mantle as well as the mechanism of movement of tectonic
plates [6-8]. Currently, laser heating (LH) in high-pressure
cells with diamond anvil cells (DACs) is the only experimental
method for producing static extreme pressures up to 600 GPa
[9] and temperatures up to 6000 K [10], and therefore it finds
wide application in phase transition research [11-14] and for
the synthesis of new superhard materials [15-17]. The year
2016 saw the publication of data from experiments in a high-
pressure cell with diamond anvils with an embedded
nanocrystalline sphere, where the pressure between the
sphere and the diamond was estimated at 1 TPa [18]. The
use of a high-pressure cell with toroidal diamond anvils
makes it possible to achieve a pressure of 585 GPa at the
center of such an anvil [19]. Experiments in the field of
ultrahigh pressures are isolated, and reaching pressures
above 400 GPa is the subject of intense scientific discussion
[20]. Studies in which ultrahigh temperatures (> 4000 K) are
obtained in high pressure cells are also rare. In particular, as a
result of iron heating at 377 GPa, a temperature of 5700 K
was reached, which is close to the temperature of Earth’s
inner core [10]. A description of experiments on heating
silicate perovskite to 5257 K can be found in Ref. [21].

Among the recent striking successes achieved with the use
of laser heating in high-pressure cells is the production of
high-temperature superconductivity in metal hydrides [22,
23]. Further progress in high-pressure physics and Earth
physics is closely related to the development of both methods
for implementing the laser heating procedure itself and
methods for diagnosing heated bodies, in particular, to the
development of tools and methods for measuring the
temperature distribution in cells with diamond anvils.

Laser heating occurs due to the absorption of infrared
(IR) laser radiation in a sample located in a high-pressure cell
after passing through a diamond anvil, which is transparent
to laser radiation. In 1968, Taro Takahashi and William
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Bassett observed a phase transition in graphite under laser
heating at high pressures [24]. The first results using laser
heating were published in 1974 [25]. At present, the method of
laser heating in high-pressure cells is one of the main tools in
the arsenal of high-pressure physics [11, 26]. With laser
heating, the determination of the temperature of the sample
surface is carried out by measuring the intensity of thermal
radiation emitted by the sample. The spectrum of thermal
radiation is usually measured with a spectrometer in a range
of 600-800 nm [27]. Subsequent fitting of the measured
spectrum and the theoretical curve of thermal radiation
(Planck’s law) makes it possible to determine the tempera-
ture of the sample upon laser heating [28].

Unfortunately, the temperature distribution over the
heated area illuminated by the laser beam is highly nonuni-
form, and the standard method for determining the tempera-
ture in a sample gives the temperature averaged over the
heated spot [26, 29, 30]. The issue of measuring the
temperature distribution and producing uniform heating in
high-pressure cells has become especially relevant in connec-
tion with the development of new methods for determining
the velocities of acoustic waves in solids at high pressures and
temperatures [31, 32]. To measure the temperature distribu-
tion on the surface of a heated sample located in a high-
pressure cell, Campbell [33] developed a multispectral
technique in which two-dimensional (2D) temperature map-
ping of a sample during laser heating in high-pressure cells
was performed by simultaneously processing four images
obtained in narrow spectral bands in the visible and near-IR
ranges at the same time.

The main problem with this technique is that four
experimental points (n = 4) are not enough to determine
two parameters (p = 2): temperature (7') and the emissivity
(¢) that describe the Planck curve with the required accuracy
[34]. The experimental statistical error or confidence contour
for p parameters when fitted to n points using nonlinear
regression is proportional to p/(n — p)F (p, (n — p), (1 — a)),
where F is the Fisher distribution coefficient, and (1 — o) is
the value of the selected confidence probability [35]. The value
of the statistical error sharply decreases with increasing
difference n — p. In Campbell’s four-wave system, n — p = 2,
which signifies that the statistical estimate of the temperature
uncertainty is based on only two measurements, which
severely limits the accuracy of temperature measurements.
Another disadvantage of this system is the complexity of the
alignment of the optical system, which consists of four
cameras, in which it is necessary to achieve an exact match
of the images with all the cameras. Apparently, due to the
above reasons, this method has not been widely used in
installations for laser heating in high-pressure cells [36, 37].

Systems based on mechanically switched spectral filters
[38] that record images do not allow one to quickly obtain
data, and a small number of recorded spectral points limits
the accuracy of temperature determination. Kavner and
Nugent proposed to combine a diffraction spectrometer and
a video camera to measure the radial temperature profile in a
laser-heated spot inside a cell [29, 39]. This method, called the
‘peak scaling method,” consists in the fact that the tempera-
ture distribution is determined using two measurements.
First, average temperature T,, of the heating region is
measured using a diffraction spectrometer. Further, using
the experimentally measured (linear) dependence of the
temperature at the maximum 7j,x on T,y, one can obtain
the temperature at the maximum heating Th.x. Next, the

heated region of the sample is photographed at a fixed
wavelength. If we assume that the maximum intensity of the
obtained monowavelength image corresponds to the tem-
perature maximum Ty, then the temperature gradient on
the sample surface can be obtained using Planck’s law scaling.
In this method, the temperature at each point of the surface is
determined by only one measurement, which leads to a low
measurement accuracy. In addition, the method described
does not take into account the temperature dependence of the
emissivity.

In 2016, a fundamentally new method was proposed for
measuring the two-dimensional distribution of the surface
temperature of a luminous body. The temperature distribu-
tion of a tungsten filament heated by direct current from a
stabilized current source is determined using a double
acousto-optic (AO) imaging filter [40]. Devices of this type
are distinguished by their high spectral resolution, a fairly
wide range of spectral tuning, arbitrary spectral addressing,
high image quality, high speed, and the absence of moving
elements [41]. Most important, in this method, the tempera-
ture at each point of a body heated by the laser is determined
from a large set of experimental points on the Planck curve.
This ensures a high accuracy of temperature measurement
[42]. The purpose of this review is to present the latest results
on the application of acousto-optic video spectrometry to
study processes occurring at high pressures and tempera-
tures.

2. Laser heating in high-pressure cells

High-pressure cells with diamond anvils are used to study a
substance under conditions of high static pressures. Devel-
oped back in the late 1950s, the cells are unique experimental
equipment for studying matter at high pressures [43, 44].
Samples placed in such cells usually have a diameter of 10—
50 um and a thickness of 5-20 pm in a pressure range up to
1 Mbar (Fig. 1). They are laid in a hole made in a specially
prepared plate of steel or rhenium, called a gasquette. Prior
to their placement, preliminary preparation is carried out. A
recess is created in the gasquette by squeezing the diamonds.
For pressures below 100 GPa, the thickness of the steel at the
point of depression does not exceed 40 um. Then, a hole with
a diameter of about 100 um is drilled inside the recess. This
hole is the chamber where the sample is placed and where the
sample is subjected to high pressures. Two small Al;O3 ruby
samples are loaded into the chamber next to the sample.
They are used as pressure sensors. The pressure can be
determined from the shift of the ruby fluorescence line [45,
46]. The dimensions of the recess and hole depend on the
pressure planned to be produced in the sample [47]. The
pressure is created by squeezing the diamonds with three or
four screws. The device with diamond anvils is capable of
producing a working pressure of more than 600 GPa
(6 Mbar) [9], which is one and a half times higher than the
pressure at the center of Earth (3.6 Mbar). Diamond anvils
weakly absorb electromagnetic radiation in a wide energy
range, including the visible and IR regions of the spectrum,
and are practically transparent to X-rays. These features
make high-pressure cells with diamond anvils a unique tool
for studying the mineral phases of Earth’s deep interior, as
well as for studying phase transitions in materials at high
pressures [11].

To study the properties of minerals under conditions close
to those in Earth’s mantle or core, and to study phase
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Figure 1. Schematic representation of laser heating in a high-pressure cell
with diamond anvils; numbers /, 2, 3 indicate the possible focusing points
of laser radiation during heating. / — optimal focusing point, 2 — when
focusing, heating area is minimal, heating is highly uneven, 3 — this option
is dangerous, because the high energy density due to focusing inside the
diamond anvil can damage it.
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transitions in minerals and functional materials, the samples
must also be at high temperatures. The sample is heated by a
focused beam of an IR laser with a wavelength of 1.064 pm
(Nd:YAG laser) with a power of 10-100 W (see Fig. 1). The
sample temperature is measured, as a rule, by recording and
analyzing the spectrum of thermal radiation emitted by the
heated sample. Illumination of the sample and recording of
thermal radiation are carried out through one of the two
diamonds used for squeezing, which are transparent to laser
radiation. Subsequent comparison of the measured spectrum
and Planck’s theoretical thermal radiation curve makes it
possible to determine the temperature in the sample [48]. To
reduce the temperature gradient inside the sample in installa-
tions operating, for example, on synchrotrons, heating is
carried out from two sides [26]. The laser beam diameter on
the sample surface does not exceed 25 pum [49].

3. Hyperspectral acousto-optic filtering
for temperature determination using
an acousto-optic filter

The Scientific and Technological Center of Unique Instru-
mentation (STC UI RAS) developed a new method and made
a setup for measuring the spatial distribution of the surface
temperature of samples at high pressures (up to 100 GPa)
heated by a high-power laser (200 W). The main innovation of
the developed method and setup is the use of a double tunable
AO filter consisting of two conjugated AO crystals (4 and 6)
assembled into a single system with a high-resolution video
camera [40]. A schematic diagram of a double AO filter is
shown in Fig. 2. The AO filter makes it possible to record
images of a heated region at different wavelengths in a range
of 650-1000 nm with an increment of 10 nm [41, 50]. Single
tunable AO filters, as well as other spectral elements, have
already been used for single-point temperature measurements
[51, 52]. A detailed description of a portable AO-video
spectrometer in which this approach is implemented can be
found in Ref. [53].

HF PC

Figure 2. Double AO filter: / — object under study, 2— microobjective, 3,
5, 7—crossed polarizers, 4, 6 — conjugated AO cells, § — objective, 9 —
2D array radiation detector, HF — high-frequency signal, PC — personal
computer.
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Figure 3. Setup for measuring the spatial distribution of the temperature of
microobjects: / — object under study, 2 —microobjective, 3, 5 —crossed
polarizers, 4 — AO cell, 6 — objective, 7 — 2D array radiation detector,
HF — high-frequency signal, PC — personal computer.

The determination of the spatial temperature distribution
T (x,y) of an object is carried out by approximating the
measured dependence 7 (x,y, 4) of the Planck curve in each
pixel using the least squares method [54]. The intensity of each
point of the spectral image is proportional to the radiation
intensity of the corresponding point of the heated body. A set
of spectral images obtained in a range of 650—-750 nm makes it
possible to calculate the wavelength dependence of the
radiation intensity of each point of the heated object. The
distribution of temperature and emissivity of the surface of
the heated body is obtained by fitting the experimental
spectral dependence of the radiation intensity at each point
of the heated object to the Planck distribution using the least
squares method.

Each AO filter is a solid-state spectral bandpass filter
operating on the principle of AO-anisotropic diffraction in a
birefringent crystal [55, 56]. The AO filter usually consists of
an AO cell and a pair of crossed polarizers (3 and 5) (Fig. 3).
The AO filter is a TeO, crystal to which a piezoelectric
transducer is attached. Attached to the opposite side of the
crystal is an ultrasound absorber. In response to an oscillating
RF electrical signal, the transducer generates a high fre-
quency (HF) oscillatory (acoustic) wave that propagates
through the crystal. Due to the elastic-optical effect, the
propagating wave causes a change in the refractive index of
the crystal with a period corresponding to the period of the
propagating acoustic wave. For light propagating through a
crystal, such a structure created by the acoustic wave is a
moving bulk phase diffraction grating. Effective Bragg AO
diffraction can take place only when the matching condition
of light waves is satisfied [56].
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Figure 4. Photographs of acousto-optic filters: (a) double AO filter, device
dimensions are 130 x 80 x 50 mm, inlet and outlet hole diameters are
8 mm, operating current is 0.7-1.1 A, supply voltage is 6 V; (b) single AO
filter developed at the STC UI RAS.

Figure 5. Photograph of the setup for laser heating of substances in high-
pressure cells.

The setup uses a double AO image filter consisting of two
AO cells [41]. The AO filter was designed and assembled as a
separate computer-controlled spectral imaging device (see
Fig. 2). Its main parameters are: acoustic frequency range of
42-79 MHz; tuning range of 650—1100 nm; spectral resolution
04 = 1.5 nm (at 2 = 780 nm); spatial resolution of 500 x 500
resolved elements; field of view of 3° x 3°; pupil entrance
diameter of 8 mm; and residual spatial distortion of less than

0.1% of the field of view in the entire spectral range.
Photographs of actually operating single and double AO
filters developed at the STC UI RAS are shown in Fig. 4.

A photograph and diagram of the apparatus intended for
laser heating in high-pressure cells are shown in Figs 5 and 6,
respectively. The setup consists of a high-pressure cell
mounting system with the possibility of remote motion of
the sample during the laser heating experiment, an optical
system for obtaining an image of the sample located inside the
high-pressure cell, a powerful laser beam control system for
heating the sample, and a system for measuring, during laser
heating, the temperature distribution on a sample located
inside the high-pressure cell (see Fig. 6).

The high-pressure cell is mounted on a three-axis motor-
ized micrometer stage. The micrometer stage permits moving
the sample in a range of 10-100 pm at 1.25 pm increments,
which makes it possible to focus on the sample quite
accurately. An ytterbium fiber laser with a wavelength of
1064 nm is used to heat the sample. On passing through a laser
collimator, the laser radiation is incident on two mirrors (M,
and M,), which makes it possible to accurately control the
beam in space and accurately introduce radiation into the m-
Shaper lens.

The energy at the output of the laser collimator has a
Gaussian distribution, but, after passing through the n-Shaper
lens, the distribution of energy in the laser spot becomes more
uniform. After the n-Shaper lens, a mirror (M;) is installed,
which reflects radiation with a wavelength of 1064 nm into a
lens (O, x20), with the sample at its focus. The sample is
heated by the IR radiation. The radiation emanating from
the sample is collected by the same lens (O, x20) and enters
an acousto-optical filter (AOF). The radiation passed
through the monochromator (AOF) is focused by the lens
(L)) onto a 2D array radiation detector (ARD) of the video
camera. The laser radiation is rejected with high efficiency
by a special narrow-band filter (M;—jps4). To increase the
intensity of the optical signal, the illuminated optical
branches are turned off during experiments by shifting the
beam splitters (BS;, BS,). To control the pressure in the
chamber of the high-pressure cell, a laser with a wavelength
of 532 nm is installed in the setup. The laser radiation is
focused on a pressure indicator: a spherical ruby particle 1—-
3 um in diameter. The fluorescence of the spherical ruby
particle is recorded by a spectrometer, and the pressure in
the cell is calculated from the resultant data on the position
of the ruby fluorescence peak.

Figure 6. Schematic representation of the setup for laser heating in high-pressure cells (see explanations in the text).
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4. Temperature determination by the least
squares method based on Planck’s law

The narrow wavelength range used in this work (740-800 nm)
makes it possible to work within the framework of the ‘gray
body’ radiation model, which implies that the thermal
emission coefficient is independent of its wavelength [57].
Traditionally, the calculation of temperatures and thermal
emissivity is carried out by comparing the data of spectral
measurements with the Planck curve. Within the framework
of the gray body model, Planck’s law is of the form [58]
‘1
Plexp(e2/2T) = 1]’

I()”aT):&g(ij')v g(Tvﬂ): (])
where (4, T) is the spectral intensity, ¢ is the thermal
radiation coefficient of the heated object, A is the wave-
length, T is the temperature, and ¢; and ¢, are physical
constants.

Digital processing of spectral images of the samples under
study consists of measuring the intensity of spectral radiation
in each pixel of multispectral images with subsequent
determination of the temperature and thermal emission
coefficient by the least squares method [59]. The optical
system was calibrated using images of a certified tungsten
incandescent lamp at a temperature of 1700 K [34]. The
radiometric power supply provided very accurate and
reproducible lamp current and constant radiation. A lamp
with a known temperature was placed at the focus of the
optical system in the position usually occupied by the sample.

The method for determining the temperature from
experimental data for 7 (4) is to find such values Ty and ¢ at
which the sum of the squared deviations of the experimental
intensity values /(/;) from the corresponding theoretical
values,

Se,T)= [I() —eg (2, T)), 2)

i=1

has a minimum (two-dimensional nonlinear minimization).
In expression (2), N is the number of measurements.
Calculations based on experimental data have shown that
the search for the global minimum of the function S(7,¢)
requires a significant amount of computer time and strongly
depends on the correct choice of initial values of parameters ¢
and Tj. Specifically, the use of two-dimensional nonlinear
minimization (2) to find gy and T}, as well as the calculation of
the spatial distribution of the sample temperature in the
heating region, can take several hours. It should be noted
that, for temperatures below 4000 K, AT < ¢,, advantage is
often taken of the Wien approximation
&Cq

1(/1, 87 T) = "54" .
27exp (ca/AT)

3)

Using this approximation and moving to logarithmic
coordinates, one can obtain the spectral distribution in the
form

J:ln(%}ﬂs):lna—%. 4)

The resultant linear dependence makes it possible to
separately determine the temperature and the spectral
emissivity. In Wien’s coordinates, the temperature will be
inversely proportional to the slope of the straight line (4), and
the intersection of the y-axis is determined by the emissivity.

Using the Wien approximation to determine the temperature
and emissivity has two drawbacks. First, as was shown in
Ref. [60], with increasing temperature, the error associated
with the use of approximation (4) increases as 72. In order to
show this, we introduce new variables into equation (4):

(&) 1

a=lIne, 7_1 T

Ji=a+1x, X =

Then, equation (2) can be written as

SeT)=Y [J(h) —a—x1]’. (6)

i=1

For a linear regression, statistical errors for regression
coefficients can be written in an analytical form [61]:

o7
o }'\/N(Zx?) —(Cx)”

N
vmo, , (7)
%\’(Z«\?) — (%)
where
No(Ji—a—1x)
6}7:\/2;—1(?\’_2 ) (8)

o, 1s the standard deviation of parameter « in the equation,
and ¢, is the standard deviation of parameter 7. To obtain
expressions for the standard deviations ¢ and 7T, one can use
the formula that relates the standard deviations of direct and
indirect measurements:

0, = &0y, 9)

or=T0,. (10)

Moreover, as can be seen from formula (10), the
temperature measurement error in the Wien approximation
is proportional to T?2. Therefore, to correctly estimate the
temperature and emissivity, it is necessary to use the least
squares method using formula (2), i.e., to minimize the
function S in two parameters, which significantly increases
the time for calculating the temperature on a computer (up to
1 hour). To reduce the calculation time for ¢, and Ty, a new
procedure was proposed for finding the minimum of function
(2) using the least squares method [62]. It is based on the fact
that the thermal radiation coefficient ¢ in expression (1) is a
linear parameter. As follows from the theorem on the
necessary condition for the existence of an extremum of a
continuous function, S(7,¢) has a minimum for such values
of Ty and ¢y, whereby the following conditions are satisfied:
0S/0T |7—7, 4=y = 0, 0S/0e|r_g, ., =0 [62]. Solving the
first equation gives the value of ¢ at the minimum at a given
temperature:

XN 100 g T)] (11)
Z,‘Z1 [gz()“ivT)]

Equation (11) can be used to get the T value. Specifically,
we substitute expression (11) into Eqn (2) to obtain

ST etn ] T
>N 824, )] g} -

N

S(T) =Y {1(1,-) -

1

(12)
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It can be seen that the function S(7") in expression (12)
depends on only one parameter, the temperature. Therefore,
the described procedure reduces the two-dimensional non-
linear minimization of function (2) to a one-dimensional
search for the minimum of function (12). This leads to a
multiple reduction in the temperature calculation time, which
is especially important for studying the temperature distribu-
tion of a surface heated by a laser, as well as for correctly
calculating the experimental error [60].

When expression (12) is used to find the temperature and
emissivity, one can also obtain an analytical expression for
the RMS standard deviation for the emissivity [34]. Consider
Eqn (11) at points T, and gy. If it is assumed that all
measurements /(4;) are independent, then the standard
deviation of the emissivity can be written as

N , 2
Oe(4;)
2 i
% _Z{ ol U’} :
where

i=1
o \/zﬁvl (1) — 2og U To)]”

(13)

N-2

The partial derivative in Eqn (13) can be obtained in an
analytical form:

aS (),) o g (/AL,', T)

of YN g2k 1))

Then, the expression for the standard deviation ¢ can be
written as

[

SY (o2 T 14
P [g%(4i, To)] (14)

O, =

The temperature measurement error for a given confi-
dence level can only be obtained numerically [34]. Interest-
ingly, we have not been able to find analytical expressions
similar to Eqns (9), (10), and (14) in scientific publications,
despite the long history of temperature measurements using
Planck’s law or Wien’s approximation.

5. Hyperspectral imaging
for measuring the temperature distribution
of materials at high temperatures and pressures

Experiments using a double AO filter showed the effective-
ness of this method for measuring the temperature distribu-
tion on the surface of samples during laser heating both at
normal [40, 63, 64] and high pressures [34, 60, 65, 66]. Figure 7
shows the temperature distribution on the surface of boron
carbide (BC) at a pressure of 24 GPa heated by a high-power
laser in a high-pressure cell. The number of spectral images
obtained with the AO filter was N = 61 at 2 nm increments
over the spectrum in the tuning range from 620 to 750 nm.
The highest temperature in the heating region was 2452 K and
the lowest was 1190 K.

In Ref. [34], the values of statistical errors of temperature
measurements were compared between the methods using an
AOQ filter and the four-color method (Fig. 8). This can be done
by selecting thermal radiation measurements at only four
wavelengths (n = 4) out of the 78 measurements typically
made during AO filter measurements. It was shown that, ata
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Figure 7. (Color online.) Temperature distribution on BC surface during
heating in a high-pressure cell at a pressure of 24 GPa. Laser power: 30 W;
wavelength range: 620750 nm, exposure time: 2 s.
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Figure 8. Fitting of experimental data using the 1D minimization
procedure to determine the temperature of a tungsten lamp at electric
current i = 11.25 A with a different number of experimental points n. For
n =78, the sum of squared deviations S(7) has a minimum at 1900 K
(95% confidence interval is 1900 + 38 K), for n = 4 the value of S(7") has
a minimum at 2199 K (95% confidence interval is 2199 + 850 K) [34].

95% confidence level, the confidence interval was
AT = £38 K. Measurements at only four points gave the
following value of the confidence interval: AT = +850 K,
which is 20 times worse than the value of the interval obtained
for n = 78. On this basis, it can be concluded that the four-
color method does not provide the necessary accuracy of
temperature distribution measurements [67].

6. Use of a one-crystal acousto-optic filter
to measure the temperature distribution
of a heated body

The use of a double AO filter to measure the temperature
distribution during laser heating was due to the high
efficiency of such filters in compensating the chromatic drift
of the AO spectroscopic image in an imaging system with an
AO filter [34]. Unfortunately, the time exposure of the double
AO filter is not short enough to perform dynamic measure-
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~

Figure 9. Transverse chromatic aberration (4 = 55 pixels) in a single
tunable AO filter and in images at A; = 640 nm and 7, = 740 nm: / —
test object, 2 —lens, 3 and 5 —crossed polarizers, 4 — tunable AO filter,
6 —lens, 7 — camera with a Sony CMOS Pregius array sensor (pixel size
of 3.45 x 3.45 um) [67].

2000

1990

1980

Temperature, K

1970

1960

Figure 10. (Color online.) Temperature distribution on the surface of a
lamp heated by a current of 10 A.

ments of the temperature distribution at times shorter than
0.3 s. This makes it impossible to measure temperatures below
1000 K. To reduce the exposure time, a setup was made and
the first measurements were made using a single AO filter [63].
It was shown that the use of a single AO filter leads to a
twofold increase in the intensity of multispectral images
compared to a double AO filter. The strong chromatic drift
of the AO spectroscopic imaging system was compensated by
using the developed software, which makes it possible to align
all images recorded at different wavelengths. As a result, the
threshold for measuring the minimum temperature becomes
lower and the exposure time also shortens, which makes it
possible to increase the speed of capturing hyperspectral
images by several times.

The main problem with using a single AO filter for
visualization is the presence of transverse chromatic aberra-
tions, which lead to a transverse shift of the image in the
diffraction plane (Fig. 9). To reduce the effect of transverse
chromatic aberrations in the manufacture of an AO filter, the
input and output faces of the crystal are cut at certain angles.
In order to reduce reflection losses, the input face is cut so that
it is orthogonal to the incident beam. The output face of the
filter is cut at an angle.

To compare the results obtained using double and single
AO filters, experiments were performed with the heating of a
tungsten lamp. A lamp with a uniformly heated flat tungsten
ribbon was used as a radiating heated object. The lamp
temperature was determined by fitting the actual signal to
Planck’s equation at each point on the sample surface

(Fig. 10). Since the temperature of a heated body must be
uniformly distributed over the surface of such a test object,
the recorded temperature changes (~ 60 K) over the surface
are associated with the error of the methods implemented
with tunable AO filters.

Note also that the confidence interval when using a single
AO filter is 30% smaller than in the case of a double one. This
may be due to the fact that the exposure time for the single AO
filter is a little more than one third of that when using the
double filter.

It has been experimentally determined that the transmit-
tance of a single AO filter is 2.8 times higher than that of a
double one, allowing us to reduce the exposure time of the
camera’s array radiation detector when shooting a series of
images and, as a result, speed up data collection. It was shown
that the use of a single AO filter together with the AO-image
correction algorithm makes it possible to measure the
temperature of heated objects.

7. Measurement of the distribution
of the thermal radiation coefficient of materials

The coefficient of thermal radiation of materials is one of the
fundamental properties of thermal radiation. It represents the
ratio of the intensity (or brightness) of the body’s radiation to
the corresponding value for a black body in a given direction.
Measurement of the directional thermal radiation coefficient
at high temperatures is important for understanding many
physical phenomena, such as the transfer of thermal radiation
in Earth’s core [68], processes in a diffusion flame [68], the
production of solar cells with a low thermal radiation
coefficient [69], thermal spacecraft control, and highly
efficient use of solar energy.

The current state of the methods for determining the
thermal radiation coefficient can be found in Ref. [69]. Direct
radiometric methods are based on comparing the surface
thermal radiation of the materials being studied with a
calibration object (black body) under the same temperature,
geometric, and spectral conditions [69]. The choice of heating
method depends on the material of the object under study
(electrical and thermal conductivity) and on the measured
temperature range. High temperatures (> 2000 K) can be
obtained by heating with laser radiation [70-72]. One of the
most popular methods for measuring the temperature during
laser heating is the two-color method [73]. Its modification,
the four-color method, was used to measure the temperature
distribution in high-pressure cells in samples heated by high-
power laser radiation and was described in Ref. [33].
Unfortunately, the use of the four-color method to study the
distribution of the thermal emissivity in the region of heating
at high pressures did not meet with success: the authors
managed to determine only the change in the value of the
thermal emissivity for platinum as a function of temperature,
and not the absolute values of this quantity [36]. One of the
main disadvantages of the four-color method is the small
number of points (four) for finding two parameters (tem-
perature and thermal emissivity) from the data on measuring
the thermal radiation of a heated sample.

The possibility of using the multispectral imaging method
to measure the distributions of the thermal emissivity
together with the temperature distribution in samples heated
by laser radiation was demonstrated in [60]. A tungsten lamp
was chosen as a test sample in this study. This choice is due to
the fact that tungsten is one of the most widely used high-
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Figure 11. (Color online.) Temperature (a) and thermal emissivity (b) distributions in the heating of a tungsten lamp by 8-W laser radiation; exposure time
is 0.25 s. Number of multispectral images obtained with a double AO filter was N = 61 at increments of 1 nm in the spectral range from 740 to 800 nm

(constructed based on data presented in Ref. [60].
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Figure 12. Behavior of the sum of squared deviations S as a function of temperature (a) and thermal radiation coefficient (b) at a selected point at the
center of the heating spot. Intersections of the horizontal line with function S determine the confidence interval within which the temperature values lie
with a confidence probability of 0.95. Calculation of the confidence region, in this case the level of the horizontal line, using the Fisher criterion is

described in Ref. [34] (plotted on the basis of data presented in Ref. [60]).

temperature materials [54]. It is well studied and, what is very
valuable, there is a database of tabular data for the emissivity
at various temperatures and wavelength ranges.

During the experiment, a laser beam with a power of § W
was focused on a tungsten plate inside a vacuum lamp.
Figure 11 shows the resultant distributions for the tempera-
ture (Fig. 11a) and thermal radiation coefficient (Fig. 11b).
The highest temperature in the heated section under investi-
gation was 2540 K, and the lowest temperature was 2380 K.
The size of the laser-heated area being studied was
45 x 60 pm. The value of the thermal radiation coefficient
at the point of maximum heating (2540 K) was 0.387. With a
change in the measured temperature from 2380 to 2540 K (a
scatter of 160 K), the thermal radiation coefficient varied
from 0.38 to 0.56 (a scatter of 0.18).

The behavior of the sum of squared deviations of the
experimental data from the theoretical ones as a function of
temperature and emissivity at the maximum temperature
point is shown in Figs 12a and 12b, respectively. With a
confidence level of 0.95, the temperature confidence interval
was 55 K (2.2%), while the relative uncertainty for the
emissivity is more than three times higher at +0.027 (7%).

At the same time, the data suggest that a large tempera-
ture difference in the heating region under study introduces a
serious error in the measurements of the emissivity at the
edges of the spot. Specifically, an uncertainty of 7% for the
maximum temperature of a heating spot of 2540 K

(&ref = 0.387, &exp = 0.398) increases more than three times
at the edges of the spot, where the temperature is 2380 K
(&ref = 0.403, ecxp = 0.55). The notation used here: grr—
reference data, e.x, —experimental data.

The method described in the paper, in combination with a
laser heating system, made it possible for the first time to
obtain the distribution of the thermal emissivity along with
the temperature distribution. This was made possible by
point-by-point measurement of parameters over the entire
area under study.

8. Two-dimensional distribution
of laser beam intensity on a sample surface

The measurement of the temperature distribution over the
surface of a sample heated by laser radiation is highly
sensitive to the position of the focal plane of the laser beam.
Due to the fact that IR-laser radiation at a wavelength of 1064
nm cannot be observed visually, since it lies outside the visible
range, finding the focal plane of the IR-laser radiation is not
an easy task. It turns out that the use of a double AO filter
makes it possible to visualize the IR-laser intensity distribu-
tion on the surface of a heated sample [66]. The dual AO filter
is tuned to a wavelength of 1038 nm. This makes it possible,
first, to visualize the radiation of the IR laser on the camera
and, second, to determine the position of the focal plane of the
IR laser. Assuming that the resultant values of laser intensity
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Figure 13. Images of an IR laser beam taken at a wavelength of 1038 nm at
different defocusing values (Z positions). The position Z = 0 corresponds
to the focusing of a 5-W IR-laser on the sample surface [66].

at 1038 nm are proportional to the laser intensity at 1064 nm,
the image measured on the double AO filter at 1038 nm
represents the shape of the laser intensity distribution on the
surface of the heated object.

Figure 13 shows the IR-laser radiation distributions
measured near the focal plane of the reflective plate. The
diameter of the laser spot at the focus is about 8§ pm, and the
actual depth of focus is 96 um. As shown in Ref. [766, the use
of a double AO filter to visualize IR-laser radiation is a
powerful tool not only for adjusting the IR laser but also for
controlling the distribution of the IR-laser power on the
sample surface during heating. In the future, we plan to use
this method to conduct experiments to measure the thermal
conductivity of materials at high pressures, as well as to
observe the melting of materials under conditions of high
pressures and temperatures.

Figure 14 shows the intensity and temperature distribu-
tions on the surface of a Pt plate placed in a high-pressure cell
and heated by a laser. The size of the region with a temperature
above 1700 K is very close to the size of the laser spot. The
apparent size of the focal spot is 5 pm; the real size is 7%
smaller for a diamond with a diameter of 2.5 mm [32].

9. Determination of the melting point
of solids using an imaging acousto-optic filter

Laser heating in high-pressure cells with diamond anvils plays
an important role in studying the physical and chemical
properties of different materials, including minerals under
conditions corresponding to those inside Earth [26]. In
experiments on laser heating, the melting point of a solid
body cannot always be determined by contact techniques. To
determine the melting temperature during laser heating of
materials under high pressure conditions, various detection
techniques can be used: direct visual observation of motion

during melting, a change in the reflectivity of the sample,
discontinuity in the dependence of laser power on tempera-
ture, changes associated with melting on the surface of the
sample, and vanishing of X-ray diffraction lines [74, 75].
However, many seemingly simple material studies have
caused controversy due to disagreements and differences
both among the results of different experiments and between
experimental and theoretical data [80]. Unfortunately, all of
these techniques have significant drawbacks. For example,
the use of X-ray diffraction is impossible for amorphous
materials. But the main disadvantage of these techniques is
the nonuniformity of the temperature distribution on the
surface of laser-heated materials.

In Ref. [49], a new method was proposed for determining
the melting temperature of a solid under laser heating. In
order to detect the onset of melting, we analyze speckle
interference patterns on a selected area of a solid sample
surface heated by a laser. Analysis of speckle interference
patterns in a laser-heated system has already been used to
quantitatively measure the melting onset temperature [76, 77].
Unfortunately, no quantitative criteria for determining the
melting point have been proposed. The advantage of our
approach is that our developed laser heating system equipped
with a double AO filter makes it possible to determine the
temperature distributions [34]. For this reason, the procedure
for measuring the melting temperature is more accurate than
using a diffraction spectrometer or any other spectral
equipment that measures the temperature averaged over the
heating area.

A study was made of the behavior of the speckle pattern as
a function of temperature during laser heating of the surface of
a tungsten plate in a vacuum spectral lamp (S16-100, Russia).
It was found that the image at a frequency of 1040 nm had a
speckle structure when the roughness of the surface sample
was sufficiently high. Figure 14 shows the temperature
distribution over a plate heated by a high-power laser (9 W),
and shown in Fig. 15 is the image of a laser-illuminated region
taken at a wavelength of 1038 nm and showing a pronounced
speckle pattern. Image analysis suggests that the dynamics of
the speckles depends on the laser intensity. Since the
temperature of the laser-heated sample is nonuniform (see
Fig. 15), the dynamics of the speckle fluctuations must also be
nonuniform (Fig. 16). To study this issue, we analyzed the
dynamics of speckle fluctuations during laser heating in the
region where the intensity of fluctuations turned out to be
highest. Selected for analysis was the area inside the rectangle
S, shown in Fig. 16.
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Figure 14. (Color online.) (a) Intensity distribution of an IR laser beam on the surface of a Pt plate heated in a high-pressure cell at 40 GPa and a laser
power of 16 W. (b) Temperature distribution measured with a double AO filter in the wavelength range of 640—750 nm with an exposure time of 6 s. The
contour plot displays the contour lines of the color map with filled areas between the contour lines.
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Figure 15. (Color online.) Temperature distribution on the surface of a
tungsten plate at an IR laser power P =9 W. Exposure time: 1 s. Plotted
on the basis of data presented in Ref. [78].

Figure 16. Speckle image of reflected IR laser radiation obtained at a filter
wavelength of 1040 nm. Exposure time: 1 ms; field of view: 127 x 163 pm.
The analyzed area is marked with a rectangle. Plotted on the basis of data
presented in Ref. [78].

We denote the coordinate of each pixel in the selected area
S as (xg,y;), where the indices k& and / vary in the range
k=1... K,K=651[1=1...L, L =258 LetI(P,t;,xx,y) be
the intensity of IR radiation at a wavelength of 1040 nm
reflected from a pixel with coordinates (x, y) at the point in
time #;, and P be the radiation power of the IR laser. When
performing laser heating, I (P, ;, X, y;) is written at intervals
At, so that t; = to + iAt, where i = 1,2,3,...,N.

The absolute value of the difference between the inten-
sities at the point in time ¢;;; and the current time ¢; in a pixel
(%, y7) will be denoted as AI(P, t;, xk, y;):

A[(Pa ti7xkay/) = |I(P7ti+17xkay/) - [(Pﬂ tiaxkay/)| . (15)

Figure 17 serves to illustrate the behavior of
AI(P,t;,xr,y;) as a function of time with increments
At =1 s. One can see that during heating for 4 s the nature
of the speckles changes significantly. To obtain a numerical

t,s

Figure 17. Speckle image of the sample’s selected area S with intervals of
1 s. The wavelength of the acousto-optical filter is 1040 nm, the laser power
is 12 W. Plotted on the basis of the data presented in Ref. [78].

estimate of fluctuations in the speckle intensity, A/, during
laser heating, we introduce the average value AI (P, t;, xx, 1)
inside the selected region S at the point in time ¢;, Alg(P, t;):

k=K /=L
AIs(P, t;, xk,
Al(P, ) = &bt st 2L 02000

(16)

We denote the average value of Alg(P,t;) during laser
heating as (Als(P)):

i=N
1 (Pt
(AIg(P)) = i1 (P ly) (17)
N
Then, the speckle intensity fluctuation at the point in time
t; can be characterized by the parameter 6(P, t;),

5(P,1) = AIS(P,1)) — (AI5(P)). (18)

The temporal behavior of the fluctuation é(P, t;) meas-
ured for two laser powers P is shown in Fig. 18. One can see
that the behavior of J(P,¢;) has a pronounced oscillatory
character and that, the higher the intensity of the heating
laser, the higher the amplitude of the oscillations. Since the
fluctuations have different signs, we introduce a quantity
similar to the variance in statistics, namely the average
squared fluctuation value §*(P):

i=N 2 _

52(})) — Zi:l 0 (P? tl) )
N-1

The variance of fluctuations 6°(P) of the radiation

intensity reflected from the selected area as a function of
temperature is shown in Fig. 19. It can be seen that the

(19)
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Figure 18. Behavior of parameter 6(P, 1;) as a function of time for different
values of IR-laser power [78].
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Figure 19. Variance of fluctuations 62(P) inside selected region S as a
function of temperature [78].

fluctuation variance increases with the power of the heating
laser. The variance peaks at a power of 13 W. This behavior
during heating is explained by the melting of tungsten: as the
power increases above 13 W, liquid tungsten flows out of the
laser spot.

The proposed technique exhibits two main advantages
over other methods. First of all, it allows us to study the
dynamics of melting: we can determine the starting point of
melting (3000 K in Fig. 19) and the point at which the solid
body melts (3540 K in Fig. 19). All known techniques make it
possible to determine the melting point. Furthermore, it is
possible to study the temperature dependence of the melting
in the same area, since a strong temperature gradient is
observed at the site of laser heating. The possibility of
studying the speckle dynamics of a small selected field in a
heated region has an advantage over the technique proposed
in Ref. [77], where the correlation method is applied to the
entire heated region during laser heating. As a result, the
variation in the correlation function is not as sharp as that in
the speckle intensity fluctuation (19) near the melting point,
which makes it difficult to determine the temperature very
accurately.

So, it was shown in Ref. [49] that the use of a double AO
filter and an analysis of the dynamics of speckle patterns
makes it possible to determine the melting temperature of a

tungsten plate and, therefore, makes it possible to study the
melting of tungsten during laser heating. A sharp change in
speckle fluctuations is especially noticeable when the tem-
perature approaches the melting point. The speckle variance
peak occurs at the temperature when the melting point is
reached.

10. Conclusions

It was demonstrated that the combination of a laser heating
system in high-pressure cells (LH-DAC) and a double
acousto-optic filter (TAOF) allows one to simultaneously
control the relative power distribution of an IR laser
(1070 nm) on the surface of a sample placed in a high-
pressure cell (DAC) and to measure the temperature distribu-
tion during laser heating of the sample under high pressure in
the DAC. It is shown that the temperature distribution at high
pressures and strong heating can be measured with an
accuracy of 2% using the LH-DAC-TAOF method. The
lower limit of temperature measurement for the method
under description with the same data acquisition time is
limited by the sensitivity of the AO filter in use and is
estimated at 1000 K. The efficiency of the method was
demonstrated in problems where it is necessary to measure
the emissivity distribution under conditions of uneven high-
temperature heating by laser radiation.

The use of LH-DAC-TAOF made it possible to develop a
remote method for monitoring the melting point of the
substances studied in DACs based on speckle interferome-
try; develop a method for measuring the static thermal
conductivity of materials at high pressures and temperatures
based on the simultaneous control of the intensity profile of
laser radiation and the temperature distribution profile on the
surface of a heated substance; and carry out experiments to
measure the temperature distribution and emissivity of
materials at pressures of 43 and 55 GPa and heated by high-
power laser radiation.
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