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DEVELOPMENT OF HARD FILMED LASER MIRRORS
(Original manuscript recieved November 11,1980)

Gu Peifu and Tang Jinfa

[Abstract] In this paper simple expressions are reported
for predicting the optical losses of laser mirrors. Based on
the standing wave dispersion in the mirrors, we have designed
a low loss 23 layer hard film mirror. The major features of
this design are that the high refractive index films are made
of a mixture of TiO, and Zr0,, and that one or two optimum
film pairs are added to the design. It is possible to produce
an excellent hard film mirror using ordinary technology which
has.a loss of less than 0.2% and a reflective index higher
than 99.8%.




Foreward

The laser mirror is the most important basic part of
any laser instrument. In recent years mirrors have attracted
extraordinary interest as a research topic. There are two
important dimensions to the purpose of this research: the
first is to heighten the index of reflection of the mirrors
in ovder to increase the export work ratio of laser instrum-

ents, the second is to improve the mirror's firmness and
stability and thus extend the useful life of the laser.

On the basis of our research with soft film mirrors we
have made progress towards expanding the work of developing
hard film mirrors. Hard £ilm mirrors not only have good
chemical stability and mechanical firmness, there is reason
to hope that the reflection indices will surpass those of soft
film mirrors. Because of this we can successfully prepare a
mirror that can both react well to temperature to bear the
low melting point of glass and achieve an excellent reflect-
ion index higher than 99.8%.




I. OPTICAL LOSS OF THE MIRROR

The pivotal question when makin high quality hard film
mirrors is still how to reduce the optical loss of the
mirror {1]. The optical loss of the mirror can be divided
into absorption loss, scattering loss, and penetration loss.
Penetration loss can often be decreased by sending the light
through many built up film layers; controlling the losses
due to absorption and scattering, however, is far from easy.

Absorption

According to Poynting's theorem, we know the absorption
loss inside the film layers is exactly proportional to
nE? where n is the refractive index of the film layers and
E? is the average electric field strength. If the absorption
coefficient of the film is sufficiently small, then the

volume absorption produced by the high refr?cﬁive index
2

Ad') = Budy (nyE3/EQ)
In the formula““*“‘*%-.lts the entering wavelength, g, is the
absorption coefficient of the high refractive index film
layer, B! is the electric field strength of the entering wave,
average electric field E,sE,,../\»2,» 4ccording to the high
reflecting mirror standing wave dispersion shown in Fig.l.
It is not hard to seek .= ("—\. —'3':-)’ 2E.In thesame way, we
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can find the volume apsorptionaj.iior the low vefractive

index layer of the 10 £11m pair. Therefore the volume
absorption for the %0 film pair is
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To arrive at the volume absorption for the entire mirror we
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need only solve for N film pairs to get
N 3
=A _l_:E:.Jﬂ; ‘
AV_T(BH+BL)ﬂf¢i 0( n“) .

If N is sufficiently large, we can approximate the above
equation as

. AV.-:“—;—-(ﬂu'ﬁ'BL) ,_l

n; H ’

and under conditions where N is not large it can be analogously
expressed as

A \ _ (g \M)
Ay -5(3“*51.) ".’."ni[l (nu) 3

el - (™)

* (1)

The above equation is then the volume absorption on the laser
wavelength for the film system specified in Fig.l.

The most recent research has clearly shown[B] that there
is a surface absorption in the mirror aside from the volume
absorption. Such surface absorption is sometimes large
enough to equal thin £ilm volume absorption. Experimental
techniques to differentiate thin film surface absorption and
volume absorption have already been developed.

Inside the laser mirror, surface absorption originates
at the HL boundary. We know that the electrical field strengtn
at the laser mirror exterior surface and at each LK boundary
is very weak. For this reason the effect of contamination
at these boundaries on the performance of the film layers is
of no importance. However, because the electrical field
strengths at the HL boundaries are maximum values, contamin-
ation, no matter how minor, camnnot be ignored. The surface




absorption at the HL boundaries NA  fng ¢ \ . ﬁﬂ&b)f
can be calculated using a method AN L
similar to that used for the

volume absorption; we need only

"select the electric field max-

. E A XL SR
imumE,.,, rather than the elect- e .
ric field average E,.. Due to Fig.1 Standing waves in the
the fact that the optical thick- mirror. Key. (a)Air; (b) Base.
ness on the two sides is very small, we can also effectively
treat the electric field as a constant. In this way the
AL boundary A}’ can be expressed

surface absorption at the
as

e )

Auc in this equation is the unit electrical field surface
absorption on the HL boundary where the optical thickness is
very small, and

. ¢
A= fg mustg <da>+jf‘mmm :

The division between 4t and 8i.is the surface absorption
coefficients of the high and low refractive index films. The
surface absorption of the entire mirror is then

Atnné‘Am("f-"“'r‘ .
Under conditions where film pairs are limited we have

A=Ay, ?\.,’,%-T{-[ l - ('%T:")w“ l . {2

This then, is the surface absorption on the above described
specific mirror of the laser wavelength.
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Scattering Losses

Scattering loss includes volume scattering and -
surface scattering. The former is due to the imperfections
of the interior structure of the thih film such as the
crjstal structure of the film, sprinklings of grains caused
by evaporation, and small dust particles, split lines, and
pock marks in the film layers. The latter is caused by
irregularities in the thin film boundaries and the coarseness
of the surfaces; it is the sum of reflections due to the
coarseness of the base plate, the cylindrical structure,
impurities in the film and so on.

Four different models have alreacdy been proposed to
describe a theory of scattering. The first model is the
"Unevenness of volume'" wodel. This model is direcily related
to the cylindrical structure of the film, the concept of
'true’ density and fo on. The second nmodel is called the
"Relative surface coarseness” model. This model assumes the
microscopically observed coarseness at the base reappears in
original form at each film boumndary; that is to say the
coarseness of each boundary surface is completely related.
The third model is called the "Non-relative surface coarseness®
model. This model is the exact opposite of the first model;
the surface coarseness of each thin €£ilm boundary is deter-
mined by the individual surface with no intervelation. The
fourth model i3 the "Partially related surface cosrsenass"
model. This wodel {s actually a combination of the two models
twe and three. As this type of wmodel points out, the micro-
scopically observed coarseness of the base can, on the one
hand, reappear ou each of the thin f{lm boundaries, while on
the other hand each boundary can introduce new additional
coarvseness. Obviously, if the additional coarseness s
discounted, this kind of model is then actually the original
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second modei. Each of the models described above can be
described using either vector scattering theories or

scalar scattering theories. For the former, it is important
to research for all types of angles information of relative
light position and polarizing effect, and for the latter it
i1s important to research the scattering energy.

The above described models offer convenience for our
scattering research and we can make use of each model accord-
ing to the actual measured unevenness of volume and surface
coarseness, calculating the volume scattering ancd surface
scattering separately. Here, we only want to discuss simply
the scattering loss on the laser mirror laser wavelength.

We considered that the volume scattering makes the pene-
tration ratio decrease according to the index number law;
because of this we can arrive at an expression for volume
scattering loss as we did for volume absorptioun:

(xf' + Ki) . .
fig= Bl

sv,n"’ 2x

The ¥ and Ki of the equation are defiaed as the volume
scattering light extinction coefficients for high and low
refraction index film layers. For mirrors with few layers,
the volume scattering is expressed as

e BERO[(2)7] o

The important thing to find for surface scattering is
the surface average root coarseness® . In view of the fact
that the standing wave strength on the LH boundary is very
small, we can ignore the contribution of the surface
scattering, and the scattering on the HL boundary then offers
sufficlent weight. The scattering at the 1*0 WL boundary
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can ve expressed as

SU) zg, MuBiaie
. L

A .
fe] H
«, is the boundary constant[ll, “*‘3“‘("“""L)’('f )-

Now assume each boundary is related; since o does not
change, and oA, then when it enters perpendicularly, the
loss for the surface scattering over the entire mirror is

1, (- D )(.?_)’ .
S..u.ﬁSZR ﬂn( Ay iy
In the same manner, when there are few layers it is expressed
as

TR T a \? ny L3 R
8, = 3%2xin ...,.,.!,L..w.,.)( hd [IREE e 8 )

Equations {1)-{(4) constitute the sum of the loss for the
entire mivror, and

Lfor CRue KL oKL RD) < 4Aw
Y ] )
' , a\? { n nm]
3 - : o sl A b - -.“.k- .
+ 32ntnadag= m) ( 'y ) ]n,‘.«ng [1 ( Py

This equation is applicable not only for highly reflect-
ive mirrors, but also for few layered low reflecting mirvors
as well. The above formula clearly shows, if the logs is to
be reduced as much as possiblae, the important thing is to
decrease the light extinc¢tion coefficient and surface coarse-
ness for the film layers, and, in order to achieve a high
reflection index, there {s actually not much leeway for
regulating the film layer refraction index and film layer
number.
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I1. DESIGN OF THE MIRROR

In view of the above discussion, when designing mirvors,
regarGless of whether it's choosing film wmaterials or consti-
tuting film systems, we must try to reduce the effects of the
light extinction coefficient and surface coarseness to get
the highest reflection index possible.

Thin Film Materials

Usually, the materials used t¢ prepare haru film

mirrors are a group of highly transparent, high temperature

oxides. For high refractive index material, T102 and Zr02
are often used, and 8102 is often used as a low refractive
index material. Table 1 shows the similar optical constants
of these materials. It can be seen from the chart that the
refractive index for the high rafractive index material Zr0,
is surprisingly low; whken it is constituted with §i0, into )
a highly reflective mirror, it requires at least 27 layers.
Uften, however, as the number of layers increases, the
additional surface coarseness also get larger. One tested
way to deal with additional surface coarseness is to make use
of a many layered film with an optical thickness ofﬁéﬁ because
the electrical field strength of this type of £ilm system is
equal at every boundary. For this reason the scattering at
each demarcation from the air side to the base side is almost
identical and the overall scattering {s the sum of that from
each boundary. It is quite simple to make use of this tech-
nique to fix the slow increase in the additional coarseness.
Usually, the added coarseness of eacu layer is about 5-10% of
the coarseness of the base. This illustrates clearly why it
is not appropriate to use Zr0, as the high refraction index
material. The refractive index of T102 film can veach
2.256~2.3, ; usually tne reflective requirement can be satisfied
with only 21 layers. Obviously, from the point of view of
refractive indices, using TiOZISiOZ {s more beneficial than




refractive indices, using TiOz/SiO2 is more beneficial than

using ZrOZISiOZ.

We will now look at the light extinction coefficient.
Table 1 shows the light extinction coefficient for the high
refractive index materials will be much larger than that of
the low refractive index materials, The Ti0, light extinct-
ion coefficient is the largest, and it obviously depends upon
the oxygen pressure in a vacuum room. If we choose a TiOZ/
8102 film system then from equation (1) we get the approximate
value for the absorption in a non-oxygenated environment,
close toAv=0.14%.. The absorption for a Zr0,/810, film
system is Ay=0,05% . It can be seen that the absorption loss
for TiOZ/SiO2 is too large. This is precisely‘TiOZ's drawback.

TABLE 1 From the thin film
structure we see, as every-
one knows, the maximum num-

(aptt (b)tigidin WHFRENC)

{d bz ~ -
Tlé()ég;iz 2,25~2.30 64‘2)(11?)' ber medium value thin film
K ~4.0X% ‘
all appear cylindrical in
By ~1.2x107"
ng??;;kzi L8 ~: Lo structure; the cylindrical
(e) | form and size aiffer accord-
8 ~ -3
(d) AN 1.2x10 ing to the material, and is
Slo§ .J)r; x 1.46 ~1.0x10-5
(e. further closely related to

Xey: (a) Material; (b) Refractive technological preparation.

index n; (c¢) Light extinction co- Thin £ilm of this kind of

efficient k; (d) Unoxygenated;
(e) Oxygenated. cylindrical structure often

has a minimum 'true' density. On the one hand it makes the
film layers produce additional coarseness, on the other, it
leads to maximal scattering, the effect on the high refract-
ive index materials becomes especially large. This is because
the refractive index of the high refractive index materials'
pore side boundary and nuclear space has a very large error;
even after it has abisorbed enough water it is still like
this, Therefore one of the standards in choosing the material
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is the unevenness or defects inside the film. Supposing the
selection is logical, then it can be hoped that the volume
scattering will appear smaller than the surface scattering.
One easy method of testing the volume scattering of the mater-
ials is to deposit a gradually thickened layer of film on the
base and then afterwards to look and see if the scattevring has
increased or if it remains the same. If the scattering is
almost unchanged it shows that the scattering is not enough

to talk about. For SiO2 the film layers are without definite
structure with a true density appraoching 1. Without a doubt
it is fully satisfactory for use as a low refractive index
material. As fer thehigh refractive index materials, ZrO,
often shows a negative refractive index unevenness; as the
thickness of the film increases the refractive index is
gradually reduced. The testing method for this kind of ref-
re tive index uneveness, as Fig.2 shows, takes the film layers
te bz tested and plates them on a plane of low refractive
index glass, straight tilla, appears the smallest reflective
index then stops. If the film layer is even, then fori,

there is Rﬁith film=Rwithout Film® and the opposite, if the
film layer shows a negative unevenness then R ., . W ri1, >
Roith film? if it shows positive unevenness then R ;.. fiim>

W
R,ithout £ilm (See part a of Fig.2). Part b of Fig.2 is the

cgange in refractive index of the response, c¢c is the three
cylindrical models of the response. Using eliptically polar-
ized light to measure this kind of unevenness results in
extraordinary accurate measurement. Analysis clearly shows
ZrQ, film tends to produce high volume scattering. The density
of T10, film, it can be hoped, will approach 1, rather

effective for controlling volume scattering.

Stress on the thin film not only makes the base board
produce deformation, it also makes the scattering of the film
increase. Therefore another standard for selecting film
material is to ensure that the mirror has the lowest possible
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stress. This means that the

stress on both the high and low
refractive index materials will “‘4::3*
be sufficiently small, and the

stress characteristics must be - —
opposite so that the connection !
stress decreases. But unfortun- E

)

ately both ZrO2 and SiO2 have
tensile strength, and the stress
value is very large. With back
temperatures at 100°c, they are
each 2500Kg/cm2 and 2000Kg/cm”.
It is for precisely this reason that ZrOZ/SiO2 many layered

Fig.2 Uneven film and
cylindrical structure.

film sometimes has cracks appear; even when the film layer

is not yet actually cracked it breaks the film layer structure
even to the point of producing splits thus making the scatter-
ing increase several times. TiO2 film, the cppusite of ZrO2
film, exhibits préessure stress, so this creates a condition
in order to reduce stress on the mirror.

To sum up, neither ZrO2 nor TiO2 is really satisfactory
for hard film mirror material. Of the two, Ti02's ilmportant
shortcoming is its serious decomposition, very large volume
absorption, its other characteristics are comparitively
good. Is it then possible to reduce the decomposition?

Yes. If a certain kind of metal or oxide is placed in the
oxide materials during the vaporization change, then we can
hope to obtain a low absorption oxide film. On the basis of
this kind of thinking, we take TiO, and ZrO, and mix it up to
proceed with the vaporization as the oxidation promoting
function of ZrQ, controls the TiO, film's high temperature
decomposition.

We experimented with TiO2 and ZrO2 mixes of different
proportions. With the aid of elliptically polarized light

e
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we measured the refractive indices for each type of mix.
Among them the refractive index for the 1:1 mix was in the
range of 2.1~2,15 , according to the measured refractive index
value, we selected 23 or 25 layers as the number cf layers in
the film.

Structural research shows, at base temperatures of ZOOOC,
the mix film appears to be without a defined structure (photo-
graph 1). Comparing the mirror prepared using the mix film
{photograph 2) with a Zr02/8102 mirror (photograph 3), it is
seen that the surface is comparatively fine and smooth, and
coarseness is obviously lowered. Photograph 4 is the cross
section of the microscopic structure of the mix prepared
mirror; compared to the cross section microscopic structure
of che Zr0,/810, mirror in photograph 5 the fineness of the
mix film is positively inspiring.

Photograph 1 Photograph 2 Photograph 3
1:1 mix film electric Electron micrograph Electron micro-
diffraction graph-bage  (25000X) of (Ti0,-  graph (25000X)
temperature 180°-200°C. 7r0,)/5i0, 23 lafer of Zx0 /810, 25

mirfor. laver mirrot.
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Photograph 4 Photograph 5

Cross section microscopic Cross section microscopic
structure of 15 layer (TiO,- structure of 25 layer
Zr0,) /$10, mirror. (25000X} 710,/S10, mirror. (25000X)

Control Wavelength

Calculating from the strength of the standing wave of the
mirror we can see that, for wavelength ranges larger than the
center wavelength, the standing wave loop stands in the middle
of the high refractive index layer and, the reverse, the
standing wave loop falls in the low refractive index film
(Fig.3). As K,»K,, the spectrum absorption curve and corres-
ponding reflection curve appear obviously unsymmetrical, and
the minimum absorption ratio and maximum reflection ratio
positions also move toward short wave. Fig.4 is the spectrum
absorption curve and ;eflection curve of the TiOZ—ZrOZ/SiOZ
mirror. From the figure we can see the absorption curve is

% ~
g ] v eyt e cpeeeed AR
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Fig.3 Standing wave disper- Fig.4 Spectrum abpsorption curve
sion for the mirror at diff- for G(HL)''HA fil system.

erent wavelengths. ny=2,15(210, - Ti0,), n, = 1.46(Si0y)
Ky=3.8x10"4 Ky =1,2x10°% Ay=0 6334
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is greatly removed from the center wavelength, the separation
at times reaching 5-10%; the mirror absorption curve shown in
Fig.4 is actually separated by 5%. The shortening of the
absorption curve resulted in the shortening of the maximum
reflection index. The maximum reflection index in the figure
is actually shortened close to 2004. If there are even more
layers, then the maximum reflective index and maximum absorp-
tion index get closer; the shortening of the reflective index
is even greater. This means the control wavelength of the
mirror should move appropriately toward the longer wavelengths
about 2004, making the center wavelength g gagn just exactly
fall in the area of minumum absorption and on the wavelength
of maximum reflection ratio. What we should point out is, if
the outermost pair (or pairs) of high refractive index layers
get thinner and the low refractive index layers are thickened,
then the appearance of this kind of shortening phenomenon is
reduced.

Improving the Film System

Because of the standing wave dispersion of the mirror,
we made two improvements to the film system. The filrst
improvement was to use ZrO2 as a substitute for the outer-
most two pairs of high refractive index layers in the film
on the air side and not to use (TiOZ-ZrOZ) film layers. The
benefit of doing it this way lies, on thke one hand, in that
we can hope for a reduction in absorption if we properly
place the 210, film with the lowest light extinction co-
efficient at the position of maximum standing wave strength,
and on the other hand, in that Helium-Neon laser mirrors
often require that they be sealed in a low gas pressure laser
instrument, and when TiO, film is exposed under minimum gas
pressure, and the temperature exceeds 200°C it causes an
obvious increase in loss. The reason for this is that decom-
position appears in the TiO2 outer layer of the film pile,
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consequently leading to a lowering of the reflection index.

Of course this kind of effect is not found in the air. From
this point of view Zr0, film has the Optical thickness of
additional function of protecting High refractive index.
the film. The second improvement is .t

%
3
to increase the Si0, film thickness }?”’ _4;//’5\; ;

-

and decrease the ZrO, film thickness ok

in the last air side pair of film .Zﬂr—”/// :

lavers. This is done because the é*’ T
light extinction coefficient for SiO2 {5

is smaller by one quantity level than M

] 3
the light extinction coefficient for Fig.5 Reflection index
. . change after adding an
Zr0,. When the §10, film is thickened optimum pair at _5°biha
the standing wave loop falls in the low refractive index 4 film
layer with the low light extinction coefficient and thus

lowers absorption. At the same time, because the electrical

field strength at the boundaries correspondingly decreases,
we can hope to achieve a reduction in the scattering.

Figure 5 shows the change in reflection index after the
outermost pair of high-low refractive index film layers is
added onto a 1/4 wave pile of a mirror which has already
arrived at the maximum value reflection index. The horizon-
tal line on the chart represents the maximum reflection
index attainable by the g pile, the bottom of the chart is the
optical thickness of the low refractive index layer and
the top has the optical thickness of the high refractive
index layer; it exactly makes the relative motion of the
coming together of the two layers of filmx . As can be seen
from the chart, with the low refractive index layer near
L42x-%.an& the high refractive index nearo.7x.%, the reflec-
tion index increases to its greatest value. We call this
type of film pair the optimum £ilm pair; the optimum film
palr design has great effect in decreasing the absorption
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[5]

loss for the mirror. Comparing this to other design methods
it achieves the highest reflection index with the fewest
layers. Without a doubt, it also has many advantages for
decreasing the scattering in the mirror

One important way for reducing surface scattering is to
use an uneven film design. Fig.6a is the nlEl2 dispersion and
refractive index dispersion for the last few pairs of film in
the mirror. As the refractive indices on the HL boundaries
are non-continuous nlEl2 is also discontinuous; its refractive

index difference An=n;-0. assumes a square period change.

Now if we add a layer of uneven film with gradually changing
refractive index outside the wave pile with the index changing
from 2.1 at the air side to 1.46 where the optical thickness
is -g(Fig.6b), as the loop position boundary disappears, so
the Loop electric field strength does not reappear to funct-
ion. Calculation claerly shows, surface scattering can drop
below 51%. Of course, because the depth of the electric

field penetration increases

volume absorption and volume  ,}*
scattering may perhaps show T th
a slight increase. Regardless

of how it is, this type of , \
design for reducing scatter- M L
ing and raisng the value for |||

laser resistance to separat- o

4
(é)‘ @ nE

ion is very meaningful. In

view of the ditficulties of Fig.6 nIEl2 & refractive index
dispersion for » pile and two-
layer uneven film, 4

present we do not yet employ Key: (a)Boundary.

them.

preparing uneven films, at

To finish, we can write out the complete design of the
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mirror which is

G1,02 | (HL)*HLH’1 42L0,7H* | A
where H—- (Ti0y—~2r10,), H' ——2:0,, L—Si0,, Ay=633my, -

The above described mirror has an extremely small loss.
Figure 7 is the spectrum absorption curve of the above des-
cribed mirror, and compared against figure 4, it is easily
seen that, with equal numbers of layers, the level of the

" highest reflective index is raised while absorption is

reduced. If we add another optimum pair of film layers to
this newly designed film system, then we can raise the reflec-
tive index even higher; however, for the mirror indicated in
figure 4, to rely on increasing the layers to raise the reflec-
tive index is of no avail.

i Fig.7 The spectrum absorption
curve and reflection

_.;; curve of new design
R G1.02| (HL)9HLH'1.42
™ LO.7H' |A

Ny =2,15(2rQ, - Ti0,)
N = 1,468¢Si0,)
ny’ =1,95(Z10,)
Kn=3.6x 10"
K, =1.2x10""
Ky/ =1,83x10°* XA,=0,633u

III. THE PREPARATION OF THE MIRROR

After the low loss mirror was designed, we wanted to
assure that technology could attain the ideal result. The
slightest amount of carelessness in crafting could spoil
all the previous efforts to achieve the optimum design.
Therefore, when considering each step of production, we had
to concentrate on the crucial concern of how to control absorp-
tion scattering loss.
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Our experiments were carried out on the Beijing instrum-
ent factory DMD-450 multi-layered plated fiim machine; here
we described simply several essential factors as follows:

Base Plate Quality - ‘

The quality of the base plate is crucial to reducing
surface scattering. There are usually two things required of
the base. The first is the surface coarseness: obviously, if
the base surface scattering is already larger than 0.2% then
it will be impossible to arrive at a 99.8% reflective index.
Experiment has shown the purity of light for the base plate
must be better than class I, so when casting the light the
appropriate light casting techniques must be observed to
reduce the surface coarseness. The second requirement is the
cleanliness of the base plate. The rubbing of the base plate
must be thoroughly careful; one must not damage the base plate
and must guarantee that the surface is sufficiently cleen.

Aside from this we must also ensure that the vacuum is clean

-and must also render the necessary care during the oparation

and put an end to all the illogical operation which might
possibly contaminate the base plate.

When light enters perpendicularly, the accumulated
scattering caused by surface coarseness of the base plate is

o1 e [ ()

R in the mirror direction reflective index for the
coarse surface,R, 1is the smooth surface reflective index, o
is the base plate surface average root coarsenei3s. As the
base plate volume scattering is sufficient to neglect, the
sum scattering for the base plate can be measured in a sh. .t
time. The surface coarseness can then be determined con-
veniently using the formula below. The surface quality of
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the base plate can thus be evaluated simply and effectively
with this method.

, \ —
U=K(Re'R)k/4NRo* - @ o ' /"_-'
?:’; lﬂlr )
Figure 8 is the relation 3§
between the scattering and g as oL “f
",
calculated according to egquation mumy
'-l
(5). We can see from the chart, 2 )
if a reflection index higher than @ .
99.8% is to be attained, the aver- Q; e T
" T, Y
age square root coarsensss of the ”}&'_
base plate must be less than 204, Fig. 8. The relationship

b 11 . I 1 ligi hetween scattering loss and
ut actually, using the usua ght roct mean square roughness.

casting techmiques, 6>20A is commonly attained. This only re-
quires the mirror base casting of light adopt specified steps.

Deposition Parameter

In order to get a low loss mirror, avery eifcvt must be
made to find an appropriate depesition paramzter. The
vacuum degree i{s3~9x10"* nillimerers, when vaporization has
just begun, most vacuum levels decline greatly, in the process
of vaporization the vacuum degree gradually rises. During the
course of vaporization, base plate temperature, fvom starl to
finisn, stays between 180~200°C. I zhe upper limit of base
plate temperature is exceeded the scatiering will increase.
Typically, the electron beam vaporization parameter for the
(T102-2r02} base material filament electric current is 13A,
the voltage BKV, and the beum current is BOmA. The deposition
speed ratio is generally 20-30Afsecond; quick vaporizing film
layers have very high refraction indelces, but the absorption
{s correspondingly increased. ZrQO, materials have a vapor-
voltage of about 10KV, beam current of 100mA, and deposition

&
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speed ratio of 30-4CA/second. This clearly shows the mixed
filament vaporizes more easily than the Zr0,. To analyze the
TiO2 and ZrO2 purely, take a 1:1 weight proportion and evenly
mix with heat and pressure. When melting before the gas is
eliminated the temperature must be siowlv raised, when elim-
inating the gases the operation should proceed quickly,
simultaneously making the material sprinkle filling the mirror
with dots, and lowering the film refractive index. During
the vaporization process, as the layers are increased, the
remaining Zr0, is added to the film material; however, this
situation is, exactly what is needed fcr the mirror, as the
closer to the outside the film layer is, the lower the light
extinction coefficient requirement becomes.

Thickness Control

Because the increase in layers leads to an increase in
the surface coarseness, we must use the smallest number of
layers to obtain the hignest reflective index. This means we
must raise the thickness of the film and control precision.
We use penetrating light to directly control the plating of
the 23 layers, so that £ilm thickness error {s automatically
compensated for. In order to minimize the effects of stray
light, and cause the wave length to shorten, except when the
narrow crack of simple color instruments is sufficiently
small, we also need to add a piece of low background inter-
ference filter before the narrow crack where simple color light
enters. Thus we can basically eliminate the effects of stray
light. To heighten the accuracy of reading numbers we used
a compensating chart to read the numbers, and took sufficient
care when contrelling it.

When controiling thickness, the film layers on the base
plate side need accurate control, but the outer few aic side
layer pairs do not require such accuracy. There is one
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principle which should be kept in mind: the low refractive
index layer should pass correctly and cannot be insufficient,
and, the reverse, the high refractive index layer should be
thin, not thick.

Handling the Baking

For any hard film mirrors of this type with either few
or many layers, there exists some absorption caused by decom-
position. In order to improve the decrease in absorption loss,
it is absolutely recessary to bake it in air. The baking
temperature is gemnerally 250°C; after two hours of baking, the
reflection ratio shows an obvious increase. This explains the
decrease in absorption. 1f the baking period is even longer,
or the temperature is even higher, the effect is even better.
From concerns arising from actual use, we generally bake at
500~3500C; afterwards, although a slight increase in scatter-
ing is observed, still the absorption is lowered, The differ-
ence between reflective index of this mirror and the mirror
baked at ZSOOC is therefore quite small. However, the result
of the high temperature treatment is to make the durability
even better., Experiment did show, however, that if after the
mirrvor iz fully bathed in air it is again baked at high temp-
erature, the scattering may show an increase. This means
that bYefore the mirror is baked, the mirvor should not be left
in the air too long.

IV. CONCLUSION

Absorption and scattering loss in laser mirrors has been

- limited, and the reflective index has been heightened. This

paper gives equations which approximately express calculations

- of optical loss of mirrors, discusses ways to reduce loss and

raise the reflective index. In view of tne standing wave dis-
persion in the mirror, we designed a type of low loss hard
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film mirror. Its two main special features are that it makes
use of a Ti0, and Zr0, mix as material for the high refract-
ive index film and adds one (or two) optimum film layer pairs
into the film system. The structure of the mix is finer than
ZrOz, absorption is less than TiOz, the refractive index
satisfies requirements of the system, and vaporization is
easy. The optimum film pair design can effectively control
absorption loss; thickness control also is not a problem,
Using this kind of logical design, and selecting appropriate
production technology, it is not difficult to produce a low
loss mirror. We used the ordinary straight gun on the DMD-450
plated film machine produced by the Bei jing instrument factory,
and for the vacuyum chamber do not need an oxygenated environ-
ment. We only need to select the usual preparation techniques
to be able to steadily achieve a mirror with a loss of less
than 0.2% and & reflective index higher than 99.8%.

In passing there is somethingthat should be pointed out:
we mention that 2rd, and T102 have some drawbacks as thin
£ilm materfals, but these are not such that they cannot be
overcome. For example Tioz’a decomposition absorption only
requires the adoption of logical produciion methods. In the
same way we can produce a high quality hard film mirvor.

Aside from this we also did machine stability testing and
chemical stability experiments with the hard £ilm mirvors.
these include forcefully rubbing the film with gauze, soaking
for one day in concentrated hydrochloric acid, high temper-
ature baking in a 550°C cyclopentadienyl phosdrin oven, and
boiling for half an hour in boiling water. Of these exper-
fments, the last two wavre conclusive because stress often
decides a mirrors durability and high temperature and boiling
- water experiments can quickly simulate the environmental
conditions of accual'use, and accurately veflect the con-
ditions os stress of the film layers. Then within the




framework of these two experiments, the boiling water exper-
iment is even harsher than the high temperature test; if the
remaining stress is sory large in the boiling water it is
possible for the film to peel. We went through these exper-
iments repeatedly to prove that although the stress of these
two mirrors is not great, they can all undergo these two
experiments and survive with the reflective index basically
unchanged. Aside from this, the hard film mirror almost never
experiences change; after leaving it for 11 months, no change
in the reflective indix could be detected. The preceding is
enough to illustrate thet the stability and firmness of the
hard film mirror are very good indeed.
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