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▲ INTRODUCTION

General Characteristics 
Of The Materials

Crystalline materials are often used in optics 
applications because of their unique optical and 
physical properties. Their high translucence in the UV
and IR spectral regions, wide variety of dispersion
properties, etc., permit a considerably wider choice 
of applications as compared with optical glasses.

CRYSTALLOGRAPHIC
Monocrystalline materials possess an ordered

three-dimensional periodic spatial atomic structure.
Four useful crystallographic parameters are the 
syngony,  the symmetry class, the lattice constants, 
and the cleavability. Syngony, symmetry class, and 
lattice constants refer to the type of crystal structure 
and determine the nature of the basic physical 
properties. The cleavability is the property of the 
crystal (of forming) cleavage cracks parallel to definite
crystallographic faces. For denoting cleavability we
indicate the crystallographic symbol of the system 
of easy cleavage of faces (e.g. 111 or 100). 
Qualitatively, the cleavability is characterized as 
“highly perfect”, “perfect” or “imperfect”. The 
crystallographic characteristics of polycrystalline 
materials are given in the same form as those 
given for monocrystalline, but are applicable to 
each separate crystal.

OPTICAL
The refractive index, n, denotes the ratio between the
velocity of electromagnetic radiation in a vacuum and
the phase velocity of radiation in a given material. For 
the optically uniaxial Magnesium Fluoride and Sapphire
crystals the refractive index is presented both for the
ordinary rays, no, as well as for the extraordinary rays, ne.

The refractive index of an optical material depends
on its temperature. The values of the thermal coefficient
of the refractive index β (t,λ) = dn(λ)/dt, deg C-1 are
presented for the indicated wavelengths within the
temperature range from minus 60°C to plus 60°C. For
Magnesium Fluoride and Sapphire the relative temper-
ature coefficients of the refractive indices are given for
both the ordinary no, as well as for the extraordinary 
ne rays. 

The reflection (Fresnel) loss from one surface may
be calculated by the formula:

(n -1)2
REFLECTION LOSS = _____

(n +1)2

The transmittance of crystalline optical materials is 
characterized by the spectral transmittance τ (λ), spectral
internal transmittance τi (λ), absorbance coefficient µ (λ)

and transmission range. The spectral transmittance τ
(λ) is the ratio between the flux of monochromatic
radiation that has passed through the sample of the
material and the incident flux of radiation. The spectral
internal transmittance coefficient τi (λ) is the ratio
between the flux of monochromatic radiation that has
reached the exit surface of the sample and the flux of
radiation that has passed its entry surface. The
absorbance coefficient, µ (λ), is a magnitude which is
inverse to the distance at which the flux of radiation
forming a parallel beam is decreased in intensity by
a factor of ten. The absorbance coefficient is due to
the combined action of absorption and scattering in
the material.

The absorbance coefficient may be calculated by
means of the formula:

- log10 τi (λ)
µ (λ) = __________

Thickness

where τi (λ) is the internal transmittance, and Thickness
is the thickness of the sample in cm.

The transmission range of the material shows the
wavelengths of light that can pass through the material.
Typical transmittance curves τ (λ) are given for a sample
of 10 mm thickness.

THERMAL
Values are given for the thermal linear expansion, 
thermal conductivity, specific thermal capacity, thermal
stability and fusion temperature of melting points.

Thermal linear expansion α t , deg C-1 characterizes
the relative change in length of the sample at a change
in temperature of one deg C. It is determined by the
formula

1 dl
α t = ___ x ___

L       dt

where L is the length of the sample and t is the
temperature.

Average values of the thermal linear expansion
coefficient are presented within the given temperature
ranges. For optically uniaxial Magnesium Fluoride and
Sapphire crystals, thermal linear expansion coefficients
are given for directions parallel to and at right angles
to the optical axis.

Thermal conductivity, W/(m•deg C), characterizes
the capacity of the material to transmit heat and is
determined by the amount of thermal energy that has
gone through a unit area in a unit time at a unit
temperature gradient. For Magnesium Fluoride and
Sapphire crystals, thermal conductivity values are given
in directions parallel to and at right angles to the
optical axis.
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Specific heat capacity, J/(kg•deg C), characterizes
the energy necessary for heating the material and is
determined by the amount of heat needed for warming
the material by one degree. Data are presented for
specific heat capacity at constant pressure.

Thermal stability, deg C, characterizes the capacity
of the material to resist sharp temperature changes
without destruction. The measure of thermal stability
is the maximum difference in temperature in an abrupt
change of the latter, which the sample can withstand
without destruction.

Melting points are given in deg C. 

MECHANICAL
Density, g/cm3 is determined by the ratio between

the mass of the sample and its volume. Reference 
data are presented for densities at room temperature
and at normal pressure.

Moh hardness is a relative scale showing the
capacity of a material to resist being scratched by
another material. Reference values are presented for
hardness according to the conditional Moh scale, 
in which 10 standard minerals are arranged in the 
order of increasing hardness (Talc, Moh=1 to
Diamond, Moh=10).

Vickers microhardness, Pa, is characterized by 
the resistance of the surface of the material to
impression by the indentor in the form of a four-
faced diamond pyramid at indentor load of 1
Newton. Reference microhardness values are
presented for optical uniaxial crystals of Magnesium
Fluoride and Sapphire in directions parallel to and 
perpendicular to the optical axis.

Elastic properties are characterized by the 
constants of elastic compliance and by the technical 
elasticity characteristics: the Young modulus, Pa, the
shear modulus, Pa, and the Poisson ratio (coefficient 
of transversal deformation). The constants of elastic
compliance are the proportionality coefficients 
between the stress and deformation components. The
elastic properties depend on the crystallographic 
directions in which the stress and deformation 
are applied.

For cubic crystals, constants of elastic compliance
S11, S12, S44 are given. This makes it possible to
carry out transformation of Young’s modulus and 
of the shear modulus in any arbitrary system of
coordinates. It is also possible to obtain maximum 
and minimum values of the Young modulus and the
shear modulus corresponding to the crystallographic
directions <100> and <111>, as well as the 
Poisson Ratio. 

For optically uniaxial Magnesium Fluoride and
Sapphire crystals, six constants of elastic compliance
are given, as well as values of the Young modulus 
and of the shear modulus for directions and faces
parallel to and at right angles to the optical axis.
Values of the Poisson Ratio are given for two possible
positions. The first is used if the stress is directed parallel
to the optical axis, and the deformation of the material
under effect of this stress is considered in the direction
of the plane perpendicular to the optical axis. The
second is used if the stress is directed at right angles to
the optical axis (in the case of a magnesium fluoride
crystal  in the direction at right angles to the face
<100>). The deformation of the material under
action of this stress, being different, is considered
in two planes, positioned parallel and at right angles
to the optical axis of the crystal. For polycrystalline
materials isotropic Young modulus, shear modulus and
Poisson ratio are given without regard to the possible
effect of texture formation of the material.

CHEMICAL
The chemical properties of the crystalline materials

are characterized by molecular weight and solubility.
The solubility of the material is inversly related to its
resistivity against the action of aggressive media:
water, acids and organic compounds.
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LENS FORMULAE
This section gives some basic information regarding
the primary lens types and their use in image formation
and manipulation. The figure above traces rays of light
traveling from object h to image h' through a lens.

The axial separation of the principal surface, P, from
its corresponding focal point is the effective focal
length, f. This is given for a lens with center thickness,  
CT, by the “Thick Lens Formula”:

1 = (n-1)( 1 - 1 + (n-1)CT)f R1 R2 nR1R2

where R1 and R2 are the radii of curvature and n is 
the index of refraction of the lens material. For a thin
lens, CT can be assumed to be zero. The effective
focal length is then given by:

1 = (n-1)(1 - 1 )f R1 R2

The back focal length can be determined by using:

BFL = f(1-(n-1)CT )nR1
The Magnification, m, of a finite conjugate system is
given by:

m = s’ = - f
s x

The sagittal height of a lens is given by:

Sag = |R| - (R2 - d2 / 4)

where R is the radius of curvature. 

The F-number of a lens, F/#, is the ratio of the focal
length, f, of a lens system to the diameter, d, of its
entrance pupil. F/# is inversely proportional to twice
the Numerical Aperture, NA:

F/#= ( f = 1   )d 2 NA

Ignoring the effects of aberrations, the following 
equations are useful in determining object and image  
distances and magnification:

x = s+f s’ = ms

f = ss’ xx’=- f2

s - s’

x’ = s’- f

LENS TYPES AND SELECTION
The plano-convex lens is the standard focusing
optical element. Used with the curved side toward the
incident light for focusing, it is useful where optimal
spot size is not required. It is most suitable where one
conjugate is more than five times the other, such as
in sensor applications, or for use with collimated
or near collimated light. 

Optical Design Data

1
2
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The "thick lens formula" from the previous column  
gives the effective focal length of a bi-convex lens: 

Plano-concave lenses are most effective where 
a negative lens is needed and one conjugate is more
than five times the other, e.g. to produce divergent
light from a collimated input beam. Having the curved
surface facing the collimated beam or the longest 
conjugate distance produces minimal spherical aberra-
tion. For plano-convex and plano-concave lenses, R2

is infinite (1/R2 = 0).

The "thin lens formula" from the previous page as
applied to each of these lens types is:
For plano-convex and plano-concave:

1   =
(n-1) or R1 = (n-1)(EFL)

EFL     R1

The equi-convex lens is most suitable where the 
conjugates are on opposite sides of the lenses and 
the ratio of the distances is less than 5:1, such as 
in simple image relay components.

Equi-concave lenses are negative lenses and are best 
for producing diverging light or a virtual image where 
the input light in converging. For equi-convex and
equi-concave lenses, R1 = R2 .

The "thin lens formula" as applied to each of these lens
types is:
For equi-convex and equi-concave:

1   = 2(n-1) or R1 = 2(n-1)(EFL)
EFL R1

Positive meniscus lenses may be used to increase
the numerical aperture of a positive lens assembly
without an undue increase in the aberrations.

The negative meniscus lens is best where one 
conjugate is relatively far from the lens or where both 
conjugates are on the same side of the lens.

For meniscus lenses, R1 and R2 can vary without
changing the value of the EFL, so an additional factor
is needed along with the EFL in order to uniquely
specify an R1 and R2 . This multiplier (M) is typically
related to the EFL and R1 by:

R1 = (M)(EFL)

For either positive or negative meniscus lenses, R2

may then be found from the Thick Lens Formula. Use
a positive value for the EFL of a positive meniscus 
lens and a negative value for the EFL of a negative
meniscus lens:

The "thin lens formula" is found by approximating the 
CT as zero (compared to R1 and R2):

(EFL)(n-1)
R2 =

n-1 -1
M

R2 = (n-1)(EFL)( (M)(EFL)(n))(n-1) -1
M

1-
(CT)(n-1)

1   = (n-1)(1 - 1 + CT(n-1))EFL R1 R2    R1R2n
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WINDOWS
A window is used to separate two environments of
different pressure, temperature, etc., while allowing
light at a specified wavelength to pass between the
two. This section briefly discusses the effects of a
window on the optical path of light which passes
through it. The path taken by each ray through a  
window is given by Snell’s Law:

n i sin θi = n t sin θt

Here ni is the refractive index of the medium in which
the incident light is traveling and nt is the refractive
index of the window material. Usually, there is also a
component of light which is reflected from the front
surface. The angle the reflected light makes with
respect to the normal to the mirror surface is equal 
to the angle of the incident light with respect to the 
normal. This is known as the Law of Reflection and 
is stated as:

θi = θr

For a window of any given material, there exists an angle
of incidence for which the angle between the reflected
and the transmitted light is 90°, as shown below. This is
known as the Brewster Angle and is of particular
interest because at this angle the reflected light is plane
(s-) polarized and the refracted light is partially polar-
ized. A stack of windows placed at the Brewster angle
will reduce the s-polarized component of the incident
light until it becomes insignificant. The Brewster Angle
is given by:

φB = tan-1 nt /ni

Some of the light traveling within a high refractive
index material will reflect off the boundary with a
material of lower refractive index. There exists an 
angle of incidence in this case where all of the light
incident on the boundary will be reflected and none 
is transmitted. 

This is known as Total Internal Reflection and the 
angle at which this occurs is given by:

θT = sin-1n2 /n1

where  n2 is the index of refraction of the "outside"
material and n1 is the index of refraction of the 
window or higher index material.

CALCULATION OF WINDOW 
THICKNESS
Minimum thickness of a window required to with-
stand a pressure difference may be calculated by 
the following formula:

__________________

1.1(P)(DIA)2
Th=√_____________

MR   

Th = thickness, inches
DIA = unsupported diameter, inches
P = pressure difference, psi
MR = modulus of rupture, psi

Pressure at 1 atm = 14.7  psi = 101.324  kPa 

Modulus of rupture (MR, psi)
of commonly used crystals:

BaF2 3,900
CaF2 5,300
Ge 10,500
LiF 1,600
MgF2 7,200
Sapphire 65,000
Si 18,100
ZnSe 8,000
ZnS 14,900
ZnS Cleartran 8,700


