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ABSTRACT

The advent of the laser has placed stringent re-
guirements on the fabrication, performance and
quality of optical elements employed within sys-
tems for most practical applications. Their high
power performance is generally governed by
three distinct steps, firstly the absorption of in-
cident optical radiation (governed primarily by
various absorption mechanisms); secondly, fol-
lowed by a temperature increase and response
governed primarily by thermal properties and fi-
nally the elements thermo-optical and thermo-
mechanical response, e.g., distortion, stress bire-
fringenous fracture, etc. All of which needs to be
understood in the design as efficient, compact,
reliable and useful for many applications high
power systems, under a variety of operating con-
ditions, pulsed and continuous wave, rep-rated
or burst mode of varying duty cycles.

Keywords: Heat Transfer; Surface Deformation;
Optical Polishing; Reflectivity; Intermetallic Coatings;
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1. INTRODUCTION

Archaeologists claim that people learned to make mir-
rors more than five thousand years ago. At home they
used polished bronze or silver plates, and only ancient
Romans started to manufacture glass mirrors with a tin or
lead coating. The technology of mirror production chang-
ed many times, but basically all the mirrors were either
metal-coated glass or quartz. Never before, the energy of
radiation fluxes was so damaging to mirrors because they
reflected very little light, for example, from distant stars,
from a candle flame or splinter.

Modern problems of interaction of optical mirrors with
high-power radiation arose with the advent of first lasers.
Virtually in all types of lasers generation occurs in a re-
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sonator, which consists of at least a pair of mirrors, and
through one of them radiation is emitted. Initially, tradi-
tional quartz disks with a mirrored surface suited well the
purpose, but over the years passed, the power of laser
radiation fluxes has increased thousand fold. Today, the
problem of making a mirror that can operate and main-
tain its high optical performance when exposed to intense
radiation has become one of the key challenges in the
improvement of high-power lasers and modern high-ener-
gy systems. Design, materials testing and technological
ideas are used in power optics work and are extremely
useful for specialists involved in the development of as-
tronomical and space optics, new efficient systems based
on laser diode assemblies, and in many other areas of the
ever-expanding knowledge.

2. OPTICS OF HIGH-POWER LASERS

Back in the early 1970s, we drew attention to the phe-
nomenon, which, of course, was to limit the further growth
of the power generated by the laser system and, conse-
quently, the intensity of the laser beam on the surface of
the irradiated object [1-14]. More than twenty years of
fundamental and applied research devoted to the study of
this phenomenon and to the solution of problems associ-
ated with it allow a conclusion that its essence consists in
the following.

The optical surface of even a very good mirror does
not fully reflect radiation falling on it. A small portion of
energy (fractions of a percent, depending on the wave-
length) is absorbed by the mirror and turns into heat. As
the laser beam power increases, even a small amount of
it is sufficient to induce thermal stresses in a mirror. They
distort the geometry of the reflecting surface, which in-
fluence, for example, such an important property of laser
light, as the possibility of its propagation over long dis-
tances and concentration in a small volume. Now we
know that thermal deformation of mirrors not only affect
the main characteristics of the beam, but also lead to
quenching of generation. And is it possible to manufac-
ture a mirror, which can resist a flux of radiation power
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of a few megawatts? This question was probably the
main one in the world laser community of the early
1970s. The General Physics Institute and enterprises of
the defense complexes working under its leadership are
carrying out research in the field of so-called high-in-
tensity laser optics or power optics. The main require-
ment to power optics is a high threshold of optical per-
formance. For each type of a laser system, depending on
its applications the permissible value of the elastic dis-
tortion of the mirror surface is specified, which, for ex-
ample, is measured in fractions of a percent of a laser
wavelength of a specific laser system. For a CO, laser
the generated radiation lies in the infrared region of the
spectrum, and the wavelength is 10.6 pm; therefore, the
elastic distortion shall not exceed fractions of a micron.
Even higher requirements are imposed on the optics of
the short-wavelength range. The light intensity, at which
the distortions of the mirror surface reach some limits for
a specified laser source, is an optical performance thre-
shold of the mirror. It means that the better the optical
quality of the mirror material, the higher the threshold of
optical performance at higher intensities. This threshold
level cannot be violated, because elastic deformations of
the mirror change the shape of the laser beam, which will
ultimately affect the prospects of delivering the light en-
ergy to the interaction region. If the light load is further
increased, then deformations become inelastic (plastic),
which means that irreversible changes are produced on
the mirror, i.e., its reflecting surface is damaged and
should be replaced. Therefore, it is needed to manufac-
ture mirrors, which could withstand high optical loads for
quite a long time, i.e., up to several kilowatts per square
centimeter of the mirror surface.

To understand how difficult this task is, it is enough to
give two examples. The mirror, which has been in the
hands of an experimenter for only a few seconds, can
exhibit deformations of the optical surface that is close to
the maximum permissible value, because of the uneven
hand heating. However, in this case, if the mirror is left
to cool, the shape will be restored. In reality mirrors of
modern high-power lasers are exposed to power densities
of several kilowatts per square centimeter, which is com-
parable to the energy flux, which is emitted into the en-
vironment directly from the unit surface of the Sun. And
this means that if we somehow contrived to “put a laser
mirror on the Sun”, the shape of its surface should not
change significantly even in this case.

To solve this problem and manufacture highly resistant
mirrors necessary for high-power industrial lasers, it was
necessary to unravel a tangle of issues related to quantum
electronics, optics, thermal elasticity and heat transfer,
materials science, and many other modern technologies.

It would seem that the first step on this path is obvious:
to replace a semitransparent quartz disk on a metal one
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and couple light out by diffraction through an aperture in
the mirror or over its boundary. Metals perfectly reflect
laser light, have high thermal conductivity and, therefore,
may well remove heat from the region of interaction of
the beam with the mirror surface. But pure metals also
have disadvantages: (a) high thermal expansion coeffi-
cient—they can easily change their size and shape when
heated, and (b) relatively low hardness, because of which
it is difficult to polish them as well as quartz.

Here it is necessary to say that the modern advances in
optical polishing of metals are largely connected with the
search for the solution to the problems of laser mirrors. It
is funny now to recall an old episode, when physicists
first came to opticians with a piece of metal. The request
to polish a metal disc in the same room with quartz or
calcite was simply wild because metal dust in the work-
shop, where ultra-precision machining of optical surfaces
is performed, was inaccessible. Yet, the way out of this
situation was found, i.e., a metallic mirror. And, in fact,
after examining all available metals and alloys, scientists
managed to increase the optical performance threshold of
new mirrors over traditional quartz mirrors by an order
of magnitude. But this “order of magnitude” was not
enough. It became clear that the required level of light,
and thus of heat loads on the mirror of a high-power laser
can be achieved only by using special cooling.

3. COOLING OF MIRRORS

When cooled with a moving liquid, the heat flow being
released is directly proportional to the temperature dif-
ference between a hot body and coolant. Thermal power
rates measuring kilowatts per square centimeter are not
difficult to remove, if the mirror is heated to a tempera-
ture of thousands of degrees. But in this case, it is im-
possible to talk about the high optical quality of the mir-
ror surface. There is a contradiction: convective heat ex-
change is greater at high temperatures, and for the geo-
metric shape and other characteristics of the optical mir-
rors to be stable, room temperatures are needed. This
contradiction could only be resolved due to more effi-
cient heat removal; however, for room temperatures of
optical surfaces of a laser mirror, neither the theory nor
the practice was developed at that time.

First, scientists started experimenting with milling
deep channels on the back side of a metal disk through
which tap water was circulating. They were cut as close
to the surface as possible, but this lead to vibration and
deformation of the mirror surface due to pressure fluc-
tuations of water. Then, there was an attempt to make the
channels shallower and manufacture micro-capillary stru-
ctures [15-27]. This approach led to the conclusion that it
is better to use specially designed metal capillary-porous
structures, similar to a sponge for washing dishes. As a
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result, so-called felt and powder metal-based structures
have been widely adopted. Heat exchange in these struc-
tures is very intense, both due to the large surface, and
due to the strong mixing of the coolant, which travels in
the micro-capillaries. In addition, the matrix with a po-
rous body skeleton functions as a supporting structure:
each of its elements is linked with the mirror surface and
keeps its original geometry. The coolant in such a struc-
ture behaves as a turbulent mountain stream that runs
through branched and sinuous gorges. And the matrix of
the porous body in this case resembles an openwork de-
sign of the bridge with a smooth road surface supported
by many piers.

4. MIRROR SURFACE

A thin but very hard layer, which is then polished,
must be applied to a highly porous heat exchanger. Only
then its surface will serve as a mirror provided that it has
a highly reflective coating. The thickness of the coating
separating radiation from the coolant should be small, i.e.,
100 - 300 pum; otherwise, it will keep the heat absorbed
by the reflecting surface of the mirror. Now there are
several methods of applying thin layers on a highly po-
rous material, but initially it was quite a challenging task.
The problem was solved by using intermetallic com-
pounds [17-19], i.e., chemical compounds of metals with
each other. Intermetallic coatings are obtained, for ex-
ample, by deposition from the gas phase. So it is possible
not only produce a thin separating layer, but also to re-
store the mirror if necessary.

Intermetallic coatings have another important property:
their structure allows one to manufacture mirror surfaces
of high optical quality. If one looks on a polished metal
through a microscope, its surface resembles an orange
peel: it is covered with tiny hillocks and cavities. To re-
duce the micro-roughness additional measures are need-
ed, for example, before polishing the metal is doped to
make it harder and more fine-grained. But all the same
the final size of micro-roughness is too large: from 0.01
to 0.1 um. In intermetallic coatings the structure is origi-
nally very small, about 0.1 pm, and after treatment with a
diamond cutter or optical polishing very good mirror
surfaces with roughness less than a few thousandths of a
micron can be manufactured.

Thus, the solution was found. A mirror for high-power
CW and pulse-periodic lasers, where the average output
power levels are high or very high, is a highly porous
heat exchanger and a thin separation layer with a reflec-
tive coating. Lasers with such mirrors have been suc-
cessfully used for welding, cutting and hardening of me-
tals in industry. Besides, they are employed for address-
ing environmental problems and in military applications.

But it turned out that there is still room for improve-
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ment in high power optics. By changing the coolant pres-
sure, one can make it boil at room temperature [21-35],
i.e., in the same conditions under which the final optical
machining of the mirror surface is carried out. When the
coolant boils, a portion of the absorbed heat is spent on
vapor formation; therefore, the heat exchange is tens or
hundreds of times higher than in the case of the convec-
tive heat exchange. It is only need to remove bubbles
from the capillary-porous structure, i.e., the size of the
capillaries should be selected accordingly. And then wa-
ter can be replaced with a liquid metal, for example, the
eutectic alloys of sodium, potassium and cesium, which
have a low melting point. The heat exchange rate be-
comes even higher: the heat is now not only removed by
the moving fluid, but also is transferred to the coolant
itself, which, like all metals, is an excellent heat conduc-
tor. Liquid metal coolants enable the removal of thermal
powers from a reflecting surface, measuring ten kilo-
watts per square centimeter of surface.

Using the methods of metallic mirror cooling, one can
solve such “non-mirror” problem as the cooling of large
integrated circuits and the development of high-power
anodes of X-ray lithography facilities for microelectron-
ics. These devices must withstand the heat load measur-
ing a few tens or hundreds of kilowatts per square centi-
meter. Works on creation of high-power optics for high-
power lasers involve introduction of a wide range of te-
chnical, technological and design solutions from other
areas of science [28,32].

5. MIRRORS BASED ON MONOLITE
MATERIALS

5.1. Temperature Field of Mirrors

Consider a strongly absorbing elastically isotropic
body, which at the initial moment of time is kept at zero
temperature in a relaxed state and on whose surface an
axisymmetric radiative flux is incident [1-14]. The en-
ergy distribution in the laser beam cross section obeys
the Gaussian /(r)=1, exp(—KOrz), where K, =2/w*;
and w is the radius of the irradiation region on the body
surface. We assume that all the thermal and mechanical
coefficients of the material do not depend on temperature,
and the laser beam is absorbed directly on the irradiated
surface. The nonlinear effects, as well as the energy loss
by radiation and convection are neglected. Provided that
the characteristic size of the beam is w< L, and the
time of energy input is ¢, < L2/ a (L is the characteris-
tic size of the body, and a is the thermal conductivity of
the material), the problem can be solved by using the
half-space model (Figure 1).

In this formulation, the problem of determining the
temperature field is reduced to the solution of the differ-
ential equation of heat conduction for the following
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Figure 1. CO,-laser radiation on the surface of solid body.

initial and boundary conditions:

o _wr )
ot

oT 1, (l—z')
" _OTexp(—Korz), Q)

T(r,z,0)= O,ELngoT(r,z,t) < N,}Ln}cT(r,z,t) <M. (3)
Here, K is the thermal conductivity and 7 is the re-
flectivity of the material surface.
By applying to (1) the Hankel transform over » and the
Laplace transform over t and using the initial and bound-
ary conditions (3), we obtain:

e e
0 0

fovo ool

where J,(&r) is the zero-order Bessel function and
O (x)=1-®(x); ®(x) is the error function.

The behavior of the temperature field on the surface of
the body exposed to a laser beam is shown by the exam-
ple of a quartz sample with a gold coating (h ~10 nm) .
Figure 2 shows the surface temperature profiles calcu-
lated for several time points.

However, if the exposure time satisfies the inequality
w?fa <ty < I’]a, then a stationary temperature field
can establish. In this case, the expression for the tem-
perature has the form:

“
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Figure 2. Temperature profile de-
pendence in time on the solid sur-
face covered by gold.
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at the point » =z =0, where the maximum temperature
is reached. Then, expression (5) is simplified:

B Jr 1, (1—T)W
32 K ©

For comparison, Figures 3 and 4 show the calculated
distribution of the stationary temperature fields in gold-
coated aluminum and quartz samples for different values
of K, at a given power level.

The analysis of expression (5) confirms the localiza-
tion of the temperature field, the intensity of which de-
creases sharply with increasing distance from the center
of the irradiated region on the surface and deep inside the
material.

The half-width of the intensity distribution of the laser
beam is several times narrower than the half-width of the
corresponding temperature profile on the irradiated sur-
face, and the broadening of the latter is determined solely
by the thermal conductivity of the material:

Ar~1/K.

7(0,0,0)

If, during the laser exposure the melting point of the
material is reached, then the optical surface is irreversi-
bly deformed. By setting »=z=0 in (4) and equating
the obtained expression for 7(0,0,7) to the melting
temperature 7, of the material, we can estimate the value
of the maximum laser intensity, which during the expo-
sure time 7, leads to the melting of the surface layer:

[ T=T,

_2\2aT, K

=T (l—r)w fT(Fo)» (7

-1
1
where F,)=| n—2arct 1S a temperature
fr( o) [ 82 (_ZFO] p
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Figure 3. Temperature field distribution in the sample from
Al covered by gold.
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Figure 4. Temperature field distributions in the sample
from quartz covered by gold.

function, which depends on the dimensionless parameter

at,

(the Fourier number) Fj = R

Thus, knowing the value of the temperature function at
a given F, (Figure 5), we can determine the maximum
intensity of the laser radiation, which leads to the melting
of the optical surface, for any material and any beam
geometry at known values of the parameters T, K,
(Figure 6).

From this discussion it follows that for F, <107 the
value of /;_, increases linearly with decreasing Fo
and remains constant for Fy 23,---,5. In particular, for
an aluminum sample with a reflectance 7=98.2%, the
maximum intensity, leading to the melting of the surface,
is 8.6 x 10’ W/cm?® with a pulse duration £, = 10 s and
is virtually independent of the parameter w . If the dura-
tion is ty = 1 s, the values of the maximum intensity dif-
fer for different values of the parameter w
(Ip_y, =1.6x10°; 2.8x10°; 6.5x10° W/em®, and 0.2
cm, respectively w=1;0.5;0.2 cm), which is due to the
mechanism of the material conductivity in the interaction
process, resulting in a significant energy exchange be-
tween neighboring areas of the irradiated body. Note that
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Figure 5. Temperature function ft dependence on Fo.
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Figure 6. Maximum intensity of the laser radiation
dependence on laser pulse duration for Ko = 50, 8.2.

this solution is valid for describing the processes preced-
ing the thermal breakdown of the material. The nonsta-
tionary temperature field 7(r,z,f) causes a stress in
the irradiated body, which also changes with time. Let us
now define thermal stresses in a solid body.

5.2. Thermoelastic Stresses

In the quasi-static formulation, the problem of deter-
mining stresses in the half-space irradiated by an axi-
symmetric flux leads to the equation

Vio=mT(m=a(l+v)/(1-v)) ®)

with the initial conditions (p|t:0 = z—f =0 and bound-
=0

ary conditions at which o_(r,0,t)=0,_(r,0,¢)=0.

Here ¢ is the thermoelastic displacement potential

(%:V[j; , a is the coefficient of linear expansion,
i

and v is Poisson’s ratio.
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The solution of the problem is the sum of two fields of
thermoelastic stresses: the fields &,, whose compo-
nents of the stress tensor satisfy thermoelasticity equa-
tions, but do not satisfy the boundary conditions, and the
fields 5',.]., whose stress components characterize the
temperature-free solution of the corresponding classical
theory of elasticity and satisfy the boundary conditions
of the thermoelastic problem. After necessary transfor-
mations, we obtain the desired stress field:

e o

0

l: 1§z v

)éP—JO(ér)Q
(§r)§(l—§z)] e R

[ £(2-&2)- (ér)Li_zv}'“}ﬂé;
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=Jy (‘fr)Q
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1-&z-2v
r
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0
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Here
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(G is the displacement modulus)
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The expressions obtained show the variation of the
stress field of the irradiated body during exposure to la-
ser radiation. The maximum values of the radial and
circumferential stresses are at a point » = 0 on the surface,
where they are equal to each other, and can be written in
the form:

1+v 3.5 1
0.(0,0,t)=C{—— F|—;2;—;—
”( ) 1{3a\/1tat ? 1(2 2 4K0atj

Je 2K, 1-v
— 1+ 0 - 10
\/an( r)1+4K0at 2a (19)

1 1.3 1
x| JuK, ———=,F| =;1;=;—
{ * Jnat® 1(2 2 4K0atﬂ}

[, (a, B,v,0 ) is the hypergeometric function].

Expression (10) allows one to evaluate the maximum
laser intensity /,_, , leading during the irradiation time
to to the achievement of the yield strength of the material,
and to determine the maximum permissible duration of
the laser pulse, corresponding to the given intensity. It is
known that at intensities greater than the limit, plastic
deformations arise in the surface layer, and after the ter-
mination of the laser pulse inevitable there appear resid-
ual stresses. Multiple repetition of the described process
leads to a rapid destruction of the optical surface.

Figure 6 shows the dependence of the maximum laser
intensity on the pulse duration for three values of the pa-
rameter K, for a polished aluminum sample. Comparing
the dependence obtained with the dependence
I, =f(t), one can see that the maximum intensities,
leading to a plastic yield of the material, are by 1.5... 2
orders of magnitude lower than the values corresponding
to the melting of the material. In the case of CW expo-
sure a stationary stress field can arise, which for the half-
space has the form

0, (r0.0) = LD E Ky 15(1;2;—&/);
2KK, 2 2
al,(1-7)E K2
O'W(r,O,OO):—OZ(K—KO) nKoeXPE— ; J (11)

Xi (Kor2/4)2m r

1 2
—— K, F | —;2;-K.r" ||.
mm!T(m+1) 2V ‘(2 ‘ J
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Here lFl(Ol, B.y) is the degenerate hypergeometric
function and E is Young’s modulus.

The components of the stress tensor o, and o,
on the metal surface as a function of distance from the
center of the irradiated region are shown in Figure 7.
The change in the sign of the component o, at a dis-
tance 7, >0 seems interesting. This behavior of the
stress field can lead to cracking of the material in the ir-
radiation region and to its subsequent chipping.

Let us analyze now the other two components of the
stress field in a solid body, arising during its exposure to
a high-power light of finite duration, namely, o_ and
o,.. Of most interest is the consideration of the behav-
ior of the component o_, because the component o
due to the axial symmetry of the problem everywhere on
the axis is zero and o,, has a maximum at point z, > 0.

Figure 8 shows the dependence of the stress field
component o_ at the axis (r = O) of the aluminum
sample during the exposure to laser radiation with inten-
sity 1, exp(—KOrz) on the pulse duration ¢, The feature

o, k2c/cm?

25F

Figure 7. The components of the stress ten-
sor o0, and o,, on the metal surface of

Al as a function of distance from the center
of the irradiated region

6,,, k2c/cm?

aof

30

20

0 0.25 0.5 0.75 z, cm

Figure 8. The dependence of the stress field
component o, at the axis (» = 0) of the alu-
minum sample during the exposure to laser
radiation with intensity Z, exp(—Ky?) on the
pulse duration f.
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of the behavior in the component o is the fact that as
the exposure time decreases the maximum stress at point
zy passes through a maximum, and the coordinates de-
creases monotonically, approaching the surface. By equa-
ting the expression for the component o_ at point z, to
the ultimate tensile strength of the metal, one can esti-
mate the intensities at which the coating starts sagging
during the exposure. Thus, the destruction of the optical
surface by laser radiation can occur at intensities much
lower than those required for its melting.

5.3. Surface Deformation

Let us determine the value of the displacement of the
solid-body surface due to the impact of laser radiation.
Displacement of the body surface can be represented as
the sum of the derivatives in the coordinates of the ther-
moelastic displacement potential and Love’ function. The
expression for the normal surface displacement that ma-
tches the temperature distribution has the form

aal,(1-7)

V(r,0,t)=—(1+v) KK
0

xTe-éz/mJO(gr)x{ﬂq)(w&){z#gz—t} (12)
0 a

g\/f;? exp(—afzt)} EdE.

The displacement is negative, because the Z-axis is
directed into the solid body. Profiles of the optical sur-
faces of various materials, deformed by the laser beam,
are calculated at tp =1 s, Ky, =2 and P = 1 kW and are
shown in Figure 9.

The graph shows that the minimum deformation

V, mkm

0 2 4  r,cm

Figure 9. Profiles of the optical
surfaces of various materials,
deformed by the laser beam, are
calculated at t, = 1 s, Ky = 2
and P = 1 kW for Al-1, Ni-2,
Cu-3, W-4, quartz with Au-5.
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corresponds to a gold-coated quartz sample. This is ex-
plained by a slow increase in the material heating region
due to the low thermal conductivity of quartz, and by the
low value of its thermal expansion coefficient. However,
the temperature of the surface of the quartz—gold sam-
ple is two orders of magnitude higher than the tempera-
ture of the copper sample. Equally significant is the de-
pendence of the deformation of the irradiated surface on
the energy distribution in the laser beam cross section.
Figure 10 shows the deformation profiles of the surface
of the nickel sample at different K.

Consider the dependence of the surface deformation
on the time of its irradiation. To do this, if » = 0 in (12)
and the previously adopted notation is used, we obtain

al,(1-7)

7(0.0.5)=~(1+v) S0
0

(13)
-{4170(1—2R)+0.251nﬂ—R},
1-2R

where

2K,
JI+8F,

Thus, knowing the necessary parameters
(v,7,K,K,,a), one can determine the maximum defor-
mation of the surface in the center of the irradiated re-
gion for any material and any exposure durations.

Note the following characteristics of the deformation
process resulting from the consideration of the expres-
sions obtained:

1) The process is local, and with decreasing exposure
time the half-width of the deformation profile, exceeding
the corresponding value of the laser beam for large ¢,
approaches the half-width of the energy distribution in
the beam cross section, which causes deformation of the
irradiated surface.

2) The value of the deformation increases rapidly at

R=

V, mkm

2 r,cm

0 1

Figure 10. The deformation
profiles of the surface of the
nickel sample at different K, =
50,8,2. P=1kW, t,=0,25c.
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small values of the Fourier transform Fj, and the rate of
its increase is proportional to the intensity of the incident
flux. When F, >3---4, the rate of change in the defor-
mation decreases and the displacement of the surface
continues to vary logarithmically slowly. The stage of the
elastic behavior of the material is characterized by com-
plete recovery of the initial state of the surface when ter-
minating the laser action. However, in some cases, the
deformations of the optical surface become inadmissible.
Accounting for deformation is crucial for such laser sys-
tems as the quasi-optical transmission lines, telescopes,
unstable resonators, and focusing systems.

The maximum of laser radiation can be estimated by
equating ¥ in (13) to the V,q4, corresponding to the ma-
ximum admissible deformation of the surface, at which
additional losses exceed some value fixed for each sys-
tem

KKV,

b = ) a1=2) " (£), (14)

where [,, = Mﬁ, (F,), is the the dis-
o (1+v)a(1-7)
placement function.

Thus, knowing the values of the function f, (FO) ,one
can estimate the maximum intensity, resulting in admis-
sible deformations of the optical surface of any material
that obeys Hooke’s law. The dependence of the displace-
ment on the dimensionless parameter F, is shown in Fig-
ure 11. If F, =1 the rate of a decrease in the function
Iy (FO) varies significantly, due to the saturation of the
process of heat exchange by the material conductivity.
The further slow drop in the displacement function is due
to the increase in the value of the surface displacement
from the effective heating region, the volume of which
increases with £,

Consider the behavior of the maximum intensities
Iyy s 1o I, as functions of the laser pulse du-
ration ¢, for an aluminum sample (Figure 12), calcu-
lated for the beam with w=1cm at T =660°C,

piti}

-

N
ldsr
10°}

10'+

10" ; . . )
107 10° 10° 100 10" £,

Figure 11. The dependence of the dis-
placement function f, on the dimen-
sionless parameter Fj.
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Figure 12. The maximum intensities I, 1,1 de-

pendences on the laser pulse duration #, for an aluminum sam-
ple for the beam with w = 1 cm at T,, =660°C, o, =5x10’
kg/em?.

o, =5x10" kg/em® (the wavelength of the incident ra-
diation is A =10.6 um). For pulse durations #, >2x10
and the given parameters of o, and V_ , the main
process, which limits the maximum value of the laser
intensity, is the elastic deformation of the reflecting sur-
face. With a pulse duration less than this, the transition of
the material to the inelastic region becomes crucial,
which is due the stresses (caused by irradiation) above its
yield strength. It is however important to note that the
pulse duration #; =2x10"s for aluminum depends on
the parameter K, of the incident beam and significantly
decreases with its increase. Thus, for example, at
w=0.2 cm the value of the pulse duration ¢, for which
the surface deformations should be taken into account, is
3x107°s. Insignificance of the process of the reflecting
surface deformation at low laser pulse durations is ex-
plained by the smallness of the effective heating of the
material.

However, it should be noted that these estimates are
valid for ideal surfaces in a vacuum, because the pres-
ence of air and slight contamination of the irradiated
surface can lead to the breakdown of the gas near the
surface and, consequently, to its destruction at laser in-
tensities that are less than the estimated ones.

6. POROUS STRUCTURES IN HIGH
POWER OPTICS

The feasibility of using structures with open porosity
for cooling heat-stressed laser mirrors was justified for
the first time theoretically and experimentally in [21]. An
increase in the optical damage threshold of laser reflec-
tors based on porous structures was provided by a “mi-
nimum” thickness of the separating layer (tens of mi-
crons), by the heat transfer growth via an increase in the
coolant circulation velocity pumped through the structure
and by the effect of the significant development of the
surface [21-26]. We have shown experimentally that the
placement of special porous structures in made it possi-
ble to increase (by ~ 9 times) the effective coefficient of
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convective heat exchange and to reach ~ 22 W/cm?® x deg.
The test results of water-cooled laser mirrors that are
based on the structures with open porosity first indicated
the possibility of removal of high heat flows at low val-
ues of the mirror surface deformations. The maximum
density of the heat flow being removed, which does not
lead to destruction, is ¢,, =8 kW/em’, and at q = 2
kW/cm® the A=10.6 pm/20, where 4 value of thermal
deformation was ~4/20 pm. A further increase in the op-
tical damage threshold of cooled mirror surfaces can be
achieved by optimizing the parameters of the porous
structure, the appropriate choice of the coolant and the
rational design of its inlet and outlet. The development of
such “optimal” laser reflectors requires a detailed study
of heat and mass transfer in porous structures, which are
currently insufficiently studied. Let us consider some
aspects of this problem.

6.1. Temperature Field

The temperature fields in the porous structures are cal-
culated in the one-dimensional formulation under the fol-
lowing assumptions: the incident radiation is uniformly
distributed over the irradiated surface; the thickness of
the porous layer A is much greater than the depth of
heating, which makes it infinitely large (A—)oo) and
allows consideration of the half-space model; and the
temperature and velocity of the flow through the thick-
ness of the porous layer is constant.

Then the heat transfer equation, which describes the
temperature distribution over the thickness of the porous
layer, can be written as

2
%:%S,,(t—tT), (15)
where x is the coordinate; ¢z, 77 is the temperature material
(skeleton) of the porous structure and the coolant, re-
spectively; A, is the heat transfer coefficient between the
material structure and coolant; A is the skeleton ther-
mal conductivity along the axis x; and Sy is heat transfer
surface per unit volume. Equation (1) can be written in
the dimensionless form:

d’e

d)_C2
where @ =¢/t,;X=x/d, and N=NuN' are the di-
mensionless temperature, coordinates and parameters,
respectively; d_ is the average particle diameter in the
structure; Nu=hd, / A is the modified Nusselt number,
which characterizes the ratio of convective to conductive
heat transfer across the skeleton boundary; and
N'=S,d, is the dimensionless parameter characterizing

the structure.
The boundary conditions of equation can be written in

=N(0-1), (16)
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the form:
X = 0;d®/dx = —Nugx — ;0 - 1, (17)

where g =q/(ht,) is the dimensionless heat flux den-
sity; ¢ is the heat flux density transmitted through the
separating layer.

Solution to equation) with the boundary conditions (17)
has the form:

(%) =1++/Nu/N exp(—/Nx). (18)

It follows from (18) that the rate of temperature de-
crease over the thickness of the porous structure is de-
termined by the parameter NI

We write down some relations required to calculate the
thermal characteristics of laser reflectors. The tempera-
ture of the separation layer at the interface with a porous
substrate (¥ =0) has the form:

®, =1+gNu/N". (19)

The maximum heat flux density, removed from the re-
flector due to convective cooling, follows from the con-
dition of equality of the coolant ®, and the boiling
point ®, at appropriate pressure <®p z@s) and has

the form:
oo = (O, =1)4/ N/ Nu. (20)

The degree of heat transfer in a porous structure as a
result of the flow circulation and the surface develop-
ment is determined by the coefficient K, , which char-
acterizes the ratio of the amount of heat removed by the
coolant in the structure under consideration, to the
amount of heat that would be removed directly from the
cooling surface of the separation layer by the coolant

when it flows in a A channel of depth
K. = Q/hA (tf:o _tT)’

where £, is the coefficient of convective heat transfer in
the coolant flow in a slot gap of size A. For example, for
the turbulent regime of the coolant flow the Nusselt num-
ber Nu, has the form

Nu, =0.023Re"* Pr’*,

where Re, Pr are the Reynolds and Prandtl numbers.

Let us introduce the coefficient of heat transfer due to
the flow turbulence K, =h /h,, where A, is calculated
from the condition that the flow of coolant circulating
through the reflector is constant. Then, K, depending
on the structure type and parameters and on the thermo-
physical properties of the coolant is calculated as fol-

lows:
K. =KK,, 2D

HH

where K, =q/h (t;,—1;)= (N'/Nu)l/2 is the coeffi-
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cient of ribbing of the cooled surface of the separation
layer.

Equation (18) allows one to find the depth of the struc-
ture heating that defines the minimum possible thickness
of the porous layer, conventionally assuming that the
heating ends at the coordinates A=x/d, where the
skeleton and the coolant temperatures differ by 1%:

A=N"1n10°g(Nu/N')". 22)
In the case of removal of the maximum heat flux den-
sities, the depth of heating is

AL =N"In10* (0, -1). (23)

Thus, relations (18) - (23) allow one to calculate the
temperature fields and thermal characteristics of the
cooled laser reflectors. In combination with the expres-
sions describing the flow hydrodynamics, they are the
basis for optimizing the parameters of porous structures,
ensuring minimal thermal deformations of mirror sur-
faces or, if necessary, the maximum heat flux, removed
in the case of convective cooling.

6.2. Convective Heat Transfer

The regime of the coolant flow in porous materials,
which are of interest for high-power optics, is a transition
between laminar and turbulent regimes; in this case, the
calculation of the heat transfer coefficient between the
skeleton and the coolant is very difficult despite numer-
ous experimental data. The lack of a unified approach to
processing of the experimental results and the inability to
accurately determine such important characteristics as
the Sy, d; etc. make the calculation of heat transfer of
liquid drops in various types of porous structures with
geometrical parameters that vary widely. Therefore, these
equations can only be recommended as a first approxi-
mation to calculate the volumetric heat transfer coeffi-
cient in structures that are identical to the tested ones,
and to gas coolants. It is generally accepted that the cri-
terion equation of the interporous convective heat trans-
fer for gases and droplets has the form:

Nu=c(RePr)", (24)

where ¢ and n are the constants depending only on the
structural characteristics of the porous material.

Based on the experimental data of papers we analyzed
the dependences of ¢ and n on the structural characteris-
tics of porous materials for which the latter are quite au-
thentically known; as a result, we found that ¢ and » de-
pend mainly on the bulk porosity I, . Thus, relation for
the dimensionless Nusselt number with account for cor-
relation expressions c(Ily) and n(Ily) allows one to cal-
culate the coefficient of convective heat transfer in a po-
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rous material.

6.3. Hydrodynamics of a Single-Phase Flow

The temperature field and thermal deformation of the
reflector are largely determined by the discharge of the
coolant pumped through a porous layer, which depends
on the hydrodynamic characteristics and conditions of
the coolant inlet and outlet. Hydrodynamic characteris-
tics of a single-phase fluid flow in porous materials,
mainly in the region I1, <0.5, were studied in many ex-
perimental works. The expressions proposed by different
authors can be used to calculate the hydrodynamics of
the flow in materials that has an identical structure to the
samples studied.

In general, the hydrodynamics of the flow in porous
materials is described by the modified Darcy’s equation
(Dupuit — Reynolds — Forchheimer):

dp 2
——=qauu+ Ppu", 25
o o Bp (25)

where p is the flow pressure; u is the filtration rate, equal
to the ratio of the specific coolant discharge G to the
density p; and S are the viscous and inertial is coefficient
of dynamic u resistance coefficients, respectively; and
viscosity of the coolant.

From Equation (25) we obtain the equation for the co-
efficient of friction, Cj, in the form

C,=2/Re+2, (26)

where C, =-2(dp/dx) p/G’B;Re =GB/ ua (the char-
acteristic size f/a).

Practical use of relation (26) for the calculation of the
hydrodynamics of the flow in different types of porous
materials, whose structural characteristics vary widely, is
hampered by lack of information about the coefficients a
and f, which are usually determined experimentally.

Well known a slightly different approach to the calcu-
lation of Cy as a characteristic size they used JK ,
where K is the permeability coefficient, characterizing
the hydrodynamics of the flow according to Darcy’s law
(Reﬁ =Gx/?/,u), then

C, =2(1/Re 4 +c)/c. 27)

The relationship parameters a and /5 between the coef-
ficients ¢ and K can be represented as a=1/K and
B = c/ JK .

Parameter c is a universal constant for identical porous
structures. For example, for all the materials made of
metal powders with spherical or close-to-spherical parti-
cles we have ¢ ~0.55, and for materials made of pow-
ders of arbitrary shape we have 0.45<c¢ <0.566 . Thus,
in the future when calculating the hydraulic characteris-
tics of the structures we assume c¢=0.55, although in
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our case this provides a somewhat higher value of the
coefficient of friction.

Research conducted with fibrous materials, foams and
structures of the layers of particles of arbitrary shape has
shown that the parameter ¢ for these materials is rela-
tively small. This is explained by the fact that ¢, charac-
terizing the fraction of inertial losses, depends largely on
the nature of the wake formed behind solid particles due
to the flow, and the wake depends on the type of porous
structure.

The presence of the free ends (further turbulizing the
flow) in metal-fibrous structures increases c; therefore,
for a relatively short fibers, I/d = 50 - 100, ¢ = 0,132.

The permeability coefficient K, which is a structural
characteristic of a porous material, does not depend on
the flow regime and is determined experimentally from
Darcy’s law. In connection with the development of
works in the field of heat pipes, many experimental data
are currently available to determine K for powder and
metal fibrous structures. According to our experimental
data, the relation of the permeability coefficient for metal
fibrous structures with bulk porosity has the form:

K = AT, (28)

where A and m are the coefficients depending on the
relative length of the fibers 1/d. Similar expressions can
be obtained for powder materials.

In addition, the permeability coefficient is calculated
from the known Carman-Kozeny relation:

K=¢ld?/(1-11,) =11} /55, , (29)

where ¢ is a constant depending on the structure.

Expressions (27) - (29) were used to determine the hy-
draulic characteristics of the power optics elements, made
of porous materials based on metal powders and metal
fibrous structures.

6.4. Effect of the Coolant Inlet and Outlet
Conditions on the Hydraulic
Characteristics

Usually, in cooled laser reflectors the coolant is sup-
plied to and removed from the porous structure through
evenly distributed alternating channels, which are made
in the form of slots or holes on the cooling surface. With
a slotted inlet, a more uniform velocity field of the cool-
ant and a minimum differential pressure required for its
pumping are provided. In the case of inlets and outlets in
the form of alternating holes we may deal with a signifi-
cant non-uniformity of the velocity field in calculating
the flow in radial directions. This leads to additional
pressure drops in the circulation of the coolant, which are
considered by the coefficient K;; in this case, the total
pressure drop in a porous layer has the form
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AP = ApK, (30)

where Ap is the pressure in the case of a uniform velocity
field.

Under the assumption of uniform injection (outflow)
of the coolant in the radial directions in the regions of
supply (outlet) restricted by the region 7, <r<s/2 (sis
a step between alternating holes, ry is the radius of the
hole), the coefficient K, characterizing the influence of
collector effects on hydraulic resistance during the mo-
tion of the fluid in a porous layer, can be written as:

F

F:nszn(l—a)
cG(l/a 1)/mnpsA— (v/\/_)
TR vev

Here G is the mass flow rate of the coolant, F is the
area of the exposed surface, n is the number of channels
for the supply (outlet) of the coolant, and a=2r,/s isa
relative spacing between the holes. One can see from
Equation (31) that K, depends both on the geometric
characteristics of the supply and removal of the coolant
(on a) and on G; with increasing a and G, the coefficient
K. increases. Thus, the coefficient K, is characterized by
design excellence of the inlet and outlet system of the
mirror coolant.

With the known K, the total pressure drop in the po-
rous layer is calculated by the formula (30), taking into
account the expression for calculating p:

Ap:vps(l—a)(v/\/f+cv)/\/f, (32)

where v = Gs/(pFA) is the coolant filtration rate.

G

6.5. Thermal Conductivity

As for the problems of cooling of power optics ele-
ments, of interest is to study the thermal conductivity of
a porous material skeleton without account for the ther-
mal conductivity of the coolant. Taking into account the
summarized the results of numerous experimental studies
of thermal conductivity of materials of various structures
and showed that the effective thermal conductivity de-
pends not only on the volume porosity, but also on such
factors as the sintering behavior of the material, the size
and shape of the primary particles, pressing and sintering
technologies, etc., which leads to a large scatter in the
data and makes it difficult to generalize the results. Prac-
tical data are summarized in the form of the dependence
A (ITy) for the samples, manufactured using the single
technology and the same type of material. Analysis of
experimental results shows that for the calculation of a
wide range of porous powder materials can be based on
the Odolevsky equation:
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A=4(1-T1,)/(1+11,), (33)

where A, is the thermal conductivity of a compact mate-
rial.

Effective thermal conductivity of metal fibrous felt
structures may have a considerable anisotropy depending
on the direction of the fibers in the felt. Thus, on the ba-
sisof 1 is generalized by the relations:

A=2.(1-11, )exp(-I1, ), (34a)
A=2(1-11,), (34b)

where A is the effective thermal conductivity in the
direction parallel to (34a) and perpendicular (34b) to the
felt-making plane. In the latter case one can also use the
expression

I=2(1-11,)". (35)

Expressions (34b) and (35) satisfactorily approximate
the experimental data and can be used in the determina-
tion of the thermal characteristics of cooled laser mirrors,
made of metal fibrous structures. In this case, expression
(34b) describes the upper limit of the experimental data
(an optimistic estimate), and (35)—the lower (a pessimi-
stic estimate).

6.6. Estimate of the Thermal Deformation

In general, thermal deformations of a mirror are calcu-
lated by using the temperature field of the separating
layer and the porous base and the known conditions of
their attachment. The exact solution of this problem of
thermal strength under real conditions of the reflector ex-
posure is very difficult.

To estimate the low distortions of the optical surface,
which are characteristic of deformation of power-optics
elements, one can make the assumption of free expansion
of the porous base and the separating layer according to
the temperature fields. Then, the thermal deformation of
the mirror surface W is the sum of extensions of the
separating and porous layers:

W=a,At[1/2(0,+0,)-0,]

36
+a,M,[(1-8,)+7d, /(N'A)], (o)

where a, and a, are the temperature coefficients of linear
expansion of the separating and porous layers, respec-
tively; ©, =¢,/t, is the dimensionless temperature; £ is
the coolant temperature at the inlet of the reflector; and #
and 1, are the temperatures of the outer and inner surfaces
of the separating layer, respectively.

It follows from equation (36) that the higher the cool-
ant flow rate, the lower the W. The maximum deforma-
tions of the optical surface are realized in the region of
the outflow of the coolant from a porous layer, the heat-
ing value of the coolant through the slot channels having
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the form
At, =qF / GC,,

where G is the heat capacity of the coolant.

6.7. Results of Thermal Characteristics
Calculations

The above-derived expressions describing the proc-
esses of heat and mass transfer in porous structures, were
used to calculate the characteristics of cooled laser mir-
rors with the coolant inlet and outlet system in the form
of uniformly (with a step s) alternating holes; the distribu-
tion of the heat load on the surface of the reflector was
assumed uniform.

Figure 13 shows the qualitative dependence of the
deformation on the maximum density of the heat flow
being removed (the constant Iy at a constant d,) for two
selected regions of the reflector, corresponding to the
regions of injection W (qumax) and outflow W,(quayx) of the
coolant. Varying the average grain size d; (or the diame-
ter of the fiber), we can construct a family of curves,
characterized by a constant value of d; and variable po-
rosity Ily, for reflectors with the same type of capillary
structure. The curves are plotted at a constant pressure
drop and by taking into account the coolant heating in
the porous layer; the temperature of the coolant at the
inlet temperature was assumed equal to the temperature
of the final finishing of the mirror. The deformation of
the optical surface in the coolant outflow region obeys
W, > W,. Crucial to the selection of the structural char-
acteristics of the porous material is curve 2, and the dif-
ference between curves 1 and 2 characterizes the degree
of the cooling system perfection. The curves are the en-
velopes of the working thermal deformation characteris-
tics of a family of reflectors with this type of structure.
Performance characteristic of the reflector with a given
porosity structure Ily is obtained by connecting the

w
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Figure 13. Qualitative dependence of the thermal deformation
on the maximum heat flux density removed from two regions
of the reflector, corresponding to the region of the coolant in-
jection (1) and outflow (2).
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straight line from point C with the origin of the coordi-
nates. Point C corresponds to the maximum heat flow,
removed due to convective cooling, and the line segment
OC is a dependence of thermal deformations of the mir-
ror surface on the heat load. In general, curve 2 has two
main points: point A corresponding to optimal porosity
I17%, which facilitates removal of the maximum heat flux
density for the selected grain size, coolant pressure drop,
and coolant supply and removal conditions; and point B
(the point of tangency of curve 2 with the straight line
from the origin of the coordinates) corresponding to the
porosity IT}%, , for which in the porous structure the op-
timal thermal distortions of the mirror surface are real-
ized.

The choice of material and the basic parameters of the
structure (d;, I1y) must be based on a comparison of a
family of curves 2 with possibilities of obtaining the de-
sired porous structures and separating layers.

Figures 14 and 15 present the results of numerical cal-
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lly=.90%|50 90
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Figure 14. Nomograms of thermal deformation characteristics
of a family of water-cooled reflectors made of copper (a, b) and
molybdenum (c, d) powders for the injection region (a, c¢) and
the outflow region (b, d); points in this and other figures corre-
spond to the following particle diameters or felt: #—20, #—30,
#—50, #—150, and #—200 pm.
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Figure 15. Nomograms of thermal deformation characteristics
of a family of water-cooled reflectors based on porous struc-
tures made of copper (a, b) and molybdenum (c, d) felt: the re-
gion of the coolant injection (a, ¢) and region of the coolant
outflow (b, d).

culations of thermal deformation characteristics of a
family of water-cooled reflectors with porous structures
made of the widely used copper powders (Figures 14(a)
and (b)) and molybdenum powders (Figures 14(c) and (d)),
illustrating the capabilities of the method. The average
grain size and bulk porosity varied between 20 < d; <
200 pm and 0, 1 <TIy <0,9.

One can see from Fig. 14 that the maximum heat flux
densities are as follows: in the region of the coolant inlet
Qup1 = 12.8 kW/cm?, in the region of the coolant outlet
Qup2 = 3.75 kW/em?, with W, = 0.1 - 0.4 um, and W, =
0.4 - 3.5 um. In the region of the maximum heat flux
density W, = 1.5 - 2 um, which is in most cases much
higher than the maximum allowable deformation of the
reflectors for CO, lasers.
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With the increase in coolant flow (Figure 14(b)) W,
can be dramatically reduced by using the materials with
high bulk porosity (0.7 - 0.8) and the transition to a lar-
ger grain size. In this case, qumax = 2 kW/cm® at W = 0.5
pm. Powder-material structures with IIy > 0,75 for the
power optics are very difficult to produce. With a de-
crease in porosity to the real values (~0.6) the heat flux
densities being removed will be ~ 1.4 kW/cm” at a 0.5
pm deformation. Note that increasing the coolant flow
rate is also achieved through rational design of the cool-
ant inlet and outlet system, providing a more uniform
distribution of the coolant along the cooling surface.

One can see from Figures 14(c) and (d) that the use of
porous molybdenum allows an approximately four-fold
decrease in the level of thermal deformations of mirror
surfaces in both the first and second regions; in this case
qnp Somewhat decreases: qnp1 = 7,8 kW/cm?, (Qup2 = 2,8
kW/cm?). For this structure (Figure 14(c)) in the imple-
mentation of the maximum removed flows the arising
thermal deformations are below the characteristic optical
damage thresholds of the reflectors for CO, lasers. For
example, a structure with [T, = 83% u d; = 20 um facili-
tates the removal of g = 2.8 kW/cm?® at W = 0.45 pm.
With increasing the coolant flow W, —> W, (Figure
14(D)), qmax decreases. In this region the level of heat
flows to be removed can be increased by the use of ma-
terials with the larger size of the particles; for example,
the molybdenum powder structure with ITy = 83% u d; =
20 pm facilitates the removal of Q. = 2.1 kW/cm?® at W
=0.23 pm.

Figure 15 shows the thermal deformation characteris-
tics of the reflectors with porous structures made of cop-
per (Figures 15(a) and (b)) and molybdenum (Figures
15(c) and (d)) felt. One can see from Figures 15(a) and
(c) that the transition to metal fibrous structures leads to
a significant (~1.7) decrease in gy, Which is associated
with a decrease in the effective thermal conductivity of
these structures compared to powder structures.

In regions of the coolant outflow (Figures 15(b) and
(d)) the maximum heat flux densities are on the same
level as for the mirrors with powder structures; however,
an increase in the coolant flow leads to a strong depend-
ence of W on Iy and to less sensitivity to the diameter of
the initial fibers. Deformations corresponding q# are ap-
proximately two times lower compared to the powder
structures: for copper and molybdenum reflectors W =
1.2 and 0.3 pm at qu = 3,9 kW/cm?® and Qup = 2.6
kW/cm?, respectively.

For mirrors with a copper fiber structure the heat flux
densities, which can be realized with W = /20 (where 1
= 10.6 um), of 2.4 kW/cm?, are 2.4 kW/cm?, which ex-
ceeds the corresponding level of q,.x for powder materi-
als. Thus, the use of metal fibrous structures for produc-
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ing power optics elements is very promising; for exam-
ple, the structure of molybdenum fibers with a diameter
of 100 - 200 um and a porosity of 50% - 60% Quax = 2.2
kW/ecm® at W =~ 0.15 pum. In addition, the possibility of
obtaining materials with high IIy (70% - 80%) makes it
possible to manufacture optimal reflectors.

6.8. Comparison of Theoretical and
Experimental Results

We have compared the calculation results of thermal
mirror-surface deformations of the laser reflector based
on a porous copper-powder material with the experimen-
tal data.

Figure 16 presents the results of experimental studies
of thermal deformations of a water-cooled mirror as a
function of the density of the heat flow removed, and the
results of calculation of the maximum thermal deforma-
tion characteristics in the region of the coolant removal
for a family of reflectors with a 55% - 70% porosity.
Straight lines are the calculated characteristics of the
tested reflector for the maximum porosity of 60% and
62%. It is seen that there is good agreement between
theoretical and experimental data [36-45].

Figure 16(b) shows the calculation of the thermal de-
formation characteristic of a family of reflectors in the
region of the coolant inlet, which, like the curve in Fig-
ure 16(a), is obtained for the cooling surface temperature
of the separating layer equal to 100°C. It follows from
Figure 16(b) that qum. = 8,2 kW/cm?, in good agreement
with the experimental data .

Note in conclusion that this method of predicting the
thermal and deformation characteristics of porous laser
reflectors offers optimized type and parameters of the
structure to ensure the necessary removal of heat fluxes
at the admissible values of the distortion of the mirror

W,, mkm
3.0 =50 %
124 6255
N
2.0
7RG
Wi, mkm
Loy 0.2 e t—ey]
0.5 "% 65 6215535
0.1
0 1 2 q,kBm/cm’ 7.0 8.0 9.0
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0 3 6 7 8 gqkBm/cm’ a

0

Figure 16. Thermal deformation characteristics of a family of
water-cooled reflectors based on porous structures made of
copper powder: the region of the coolant injection (a), the re-
gion of the coolant outflow (b) (filled circles are the theory, light
circles are the experiment).
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surface. The results of theoretical and experimental stud-
ies suggest that water-cooled laser reflectors with porous
structure have a high optical damage threshold. With the
accumulation of new experimental data on convective
heat transfer and hydrodynamics of flows in porous stru-
ctures the latter can be quite easily introduced into the
calculation algorithm.

7. PURSUIT OF POWER OF
SEMICONDUCTOR LASER
STRUCTURES

One of the brightest and most promising implementa-
tions of the ideas of cooled power optics is now the intro-
duction of forced heat transfer in high-power semicon-
ductor lasers. Currently, this type of laser has the highest
efficiency reaching 80% - 90%. Modern manufacturing
technologies of semiconductor structures made it possi-
ble to significantly increase the laser lifetime, which is
tens of thousands of hours of continuous operation. The
variation of the semiconductor material composition can
change the wavelength range of the radiation from the
near-IR to the UV. They are very compact, reliable and
easy to operate. The power output can be increased by
the simultaneous use of a large number of laser diodes,
which are formed in one-dimensional or two-dimensio-
nal effectively cooled structures.

Cooled laser diode assemblies possess almost all the
remarkable properties of single semiconductor lasers:
high-density, high reliability, long lifetime (up to 1012
cycles). These lasers have much smaller weight and size
dimensions in comparison with other types of lasers, can
easily be fed from independent low-voltage power sup-
plies (solar, nuclear energy) without bulky transformers.
Equipment based on laser diode assemblies really be-
comes a reliable high-performance instrument that can be
used in industry, medicine, research, and military appli-
cations.

The stability of operation of laser diode assemblies
and the value of their output are completely determined
by the heat transfer efficiency. Laser diode arrays are
soldered with a low-temperature solder to the surface of
the heat exchanger, which is produced by high-power
optics technology. It should be noted that the levels of
heat fluxes which are to be removed from the contact re-
gion of the array with the heat exchanger have already
approached the characteristic values of the high power
optics. To date, there have been three main areas of use
of cooled high-power laser diode assemblies.

First, pumping of solid-state crystal lasers. These la-
sers, having high-quality output radiation, work as light
transformers. The efficiency of such lasers is much hi-
gher that the efficiency of solid-state lamp-pumped lasers;
it is pumping by semiconductor lasers that makes it ma-

OPEN ACCESS



668 V. V. Apollonov / Natural Science 5 (2013) 653-671

ximal and has already exceeded the value of a few tens
of percent for kilowatt power levels. Radiation of semi-
conductor lasers does not deteriorate the gain medium of
crystal lasers, thereby extending significantly the lifetime
of the entire laser system. Weight and size dimensions of
such systems are small, which makes them transportable.

The main purpose is the development and creation of
diode arrays with the highest possible power density. The
record of 200 W from a 1-cm-long diode array has been
demonstrated recently thanks, above all, to a highly effi-
cient heat transfer. The maximum output power from one
array, according to calculations, can reach 500 W. High-
power solid-state diode-pumped lasers with an output pow-
er of 100 kW and higher are being developed in the US.

Second, an important task is the coupling of the diode
array radiation into the fiber for further transport to the
processing facility. Radiation losses in the laser diode
assembly—optical fiber system is about 20% and are
mainly determined by the same heat transfer, which
manifests itself in the form of a smiley, which does not
allow one to effectively combine the lasing zones of se-
parate diodes of the array into a minimal spot with the
help of cylindrical optics. It is now known about such
systems with an output power of a few kW, manufac-
tured commercially in the US, Japan and Germany.

Third, and in our opinion, the most promising line of
laser diode assemblies is the creation of a phase-locked
diode array [46-54]. The output radiation of such a laser
is a set of narrowly focused interference peaks (in par-
ticular one peak) with a small divergence. Based on the-
oretical estimates, the output power of such systems can
be as high of the power of a conventional out-of-phase
diode array. Therefore, this laser is a light source with a
high efficiency inherent in semiconductor lasers and with
low divergence characteristic of solid-state crystal lasers.
By analogy with the technique of phase-locked antennas
in the radio range, the radiation divergence in the case of
phase-locked array diode arrays can be increased to 107
rad without expensive telescopic systems, which pro-
vides ultra-long communication and transmission of en-
ergy over long distances.

The General Physics Institute has already shown the
possibility of scaling the process of phase-locking of the
arrays and bars of laser diodes. Besides, 500-W laser
diodes have been produced and phase-locking of laser
diode structures at high power levels is being investi-
gated. Thus, water-cooled high-power laser diode bars
and arrays are promising sources of radiation.

Among the effective implementations are the diamond
turning and creation of unique machining tools ensuring
high accuracy and high purity of finishing. They are cur-
rently widely used to manufacture memory disks, copy-
ing machine drums, etc. From “non-mirror” practice, of
significance are the technology of the production of a
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wide range of capillary-porous structures based on a va-
riety of metals and composites, the technology of deposi-
tion of resistant and hard metallic and intermetallic coat-
ings, etc.

8. OPTICS BASED ON SILICON
CARBIDE

Currently, the development of high-power optics
stimulates three trends of efficient use of its technical
and technological solutions [55]:

1) Lightweight large ground- and space-based tele-
scopes for studying the universe;

2) Astronomical optical remote sensing instruments
for small satellites;

3) Mirrors for high-power lasers for special purposes.

All the three trends are based on cutting-edge tech-
nology for the conservation and development of scien-
tific and industrial potential of the country and its de-
fense industry. The main element of the basic objects of
all the three trends is large lightweight mirrors with a
diameter of up to 1000 mm. The choice of mirror mate-
rial is a key issue in production of a new generation of
optical objects. Comparative evaluation of materials with
the help of optical quality criteria developed by us in the
early 1970s showed that for a wide range of mirror ap-
plications (including heavy weight ones) silicon carbide
has a distinct advantage over traditional materials, such
as aluminum, glass, pyroceram, beryllium, copper, etc.
This conclusion is consistent with more recent conclu-
sions of foreign experts, who are conducting research in
this area. As an example, we can single out the Advanced
Mirror System Demonstrator (AMSD) program of NASA
and the US Department of Defense, within the frame-
work of which large-scale works were carried out to
choose the necessary material and develop basic tech-
nologies for the production of power and large cooled
lightweight mirrors. The program provided the basis for
large-scale studies of this problem in Germany, France,
Japan, and the USA. Today the technology of silicon car-
bide is successfully being developed in China. Based on
the studies performed, it was concluded that silicon car-
bide has an indisputable advantages when it comes to
production of large, lightweight and cooled mirrors for
space-based telescopes. This conclusion is implemented
by industrialized countries in dozens of new generation
telescopes. Thus, a bulky silicon carbide mirror has a
weight that is 5 - 7 times less than the weight of a similar
mirror made of glassceramic, the best quality in terms of
surface scattering, high thermal stability and a minimum
time constant when changing the external temperature.
Obviously, the transition to a new generation of space-
based telescopes, high-power large mirrors of high-po-
wer lasers is not possible without the introduction of si-
licon carbide in practice [55-62].
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9. OPTICAL COATINGS

Thus, we have conducted a series of studies and devel-
oped the technology of manufacturing highly reflective
multilayer mirrors. In the experiments, it was found that
at a level of rear mirror deformations corresponding to
the optical power of 1 m ', the combined effects of me-
chanical stresses and exposure to laser radiation lead to
failure. To reduce the stress, a multilayer combined me-
tallic dielectric coating consisting of 3 - 5 layers was
developed (in a traditional coating there are 20 - 25 lay-
ers). To ensure the radiation resistance of coatings use
was made of the technology of ion bombardment and
implantation. The coatings were tested experimentally in
lasers with an output power up to 1.5 kW. These tests
showed high radiation resistance in the high-frequency
pulse-periodic regime. Ion treatment significantly im-
proves the coating deposition technology and the optical
and operational characteristics, such as radiation resis-
tance, scattering and absorption coefficients. The most
important areas of ion treatment when applying optical
coatings are as follows:

e ion polishing of wafers in vacuum chamber for coat-
ing deposition;

e ion polishing of coatings (ion treatment of the pro-
duced film surface);

e ion sub-polishing of coatings (layer-to-layer ion pol-
ishing of the film during its deposition);

e ion bombardment of the growing film during its de-
position;
deposition of coatings by ion beam sputtering;
deposition of coatings by ion beam sputtering with
ion bombardment of the growing film;

e deposition of coatings from an ion beam incident on
the substrate.

Ion treatment of optical materials for production of
mirrors for high-power lasers is an effective tool for ad-
vanced optical technology. Ion treatment has already
made it possible to elaborate a number of innovative te-
chnological processes that can significantly enhance the
precision and performance capabilities of high-power
laser industry, which is especially important for mirrors
of high-frequency pulse-periodic lasers [58,63,64]. The
value of the scattering coefficient of 0.1 - 0.2-pm-thick
Si films is 0.015% - 0.02%. Microphotographs show that
the surface of conventional films is significantly non-
uniform: against the general background of particles mea-
suring 7 - 10 nm there is a significant amount of clusters
measuring 25 - 60 nm. After ion polishing the surface of
films becomes uniform, the crystallite size being 5 to 7
nm. The coefficient of light scattering after ion polishing
with the help of oxygen ions with an energy of 3 keV for
5 min decreased to 0.005% - 0.008%. Radiation resis-
tance of optical coatings of the mirrors increases signifi-
cantly because due to the appropriate choice of the re-
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gimes of ion bombardment, the damage threshold of op-
tical coatings increases by 65%, and the lifetime of the
mirror increases by an order of magnitude and reaches
the desired value of 3000 h, which corresponds to to-
day’s serviced life of laser diodes used to pump the gain
medium. These results are of practical interest in design-
ing optical interference systems with small loss of light,
elements of integrated optics and mirrors of high-power
high-frequency pulse-periodic laser systems. The devel-
oped coatings made it possible to use membrane mirrors
in solid-state laser resonators. With these mirrors the fea-
sibility of Q-switching with a deformable rear mirror has
been experimentally.

10. CONCLUSION

In conclusion, a very important and true to our life re-
lationship should be mentioned in this rather difficult
time for science. The resources invested effectively in the
development of any field of advanced technology will as
a rule afford a feedback in a number of ancillary applica-
tions in other ancillary and sometimes rather remote
fields of science and technology. Thus, phase-locked 1-d
and 2-d LD arrays with high level of radiation fluxes and
new configuration of solid-state laser—single module
scalable disk laser—appear to be due in part to achieve-
ments in the field of HPO. HPO is a universally recog-
nized contributor to other advanced laser systems and
applications for the 21* century [56,62-64]. Author would
like to express his gratitude to V. I. Borodin, Yu. P. Voi-
nov, V. F. Goncharov, S. I. Derzhavin, S. I. Zienko, V. V.
Kuzminov, A. G. Safronov, V. Yu. Khomich, S. A. Chet-
kin, V. A. Shmakov, S. F. Sholev, A. N. Shults, V. A. Shu-
rygin. During the project performance time the author of
review had been the scientific adviser or scientific con-
sultant of research, provided by mentioned above scien-
tists.
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