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SUMMARY

A retroreflecting device with controlled phase retardation
can be made by coating each reflecting surface of a porro
prism with a single dielectric film. The amount of phase
retardation is a function of the refractive inuex of the
prism, the refractive index of the film and the film

thickness. The retardation introduced can be readily
controlled in the range of zero to # radians using readily
available materials. The materials used are not bire-
fringent. Two phase retardation prisms have been made and

evaluated.*
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1. INTRODUCTION

Electro optic systems and devices are increasing in number and complexity and
many of these devices rely for their effectiveness on the polarisation properties
ot light. Many optical devices for use in the fields of illumination, micros-
copy, lasers, data processing and the measurement of optical properties of
materials have been developed to take advantage of the special characteristics
of polarised light. Phase retardation devices known as waveplates are used as
a means of controlling and changing the state of polarisation of polarised light.
Waveplates for use in the visible and near infrared region of the spectrum are
generally made of birefringent materials., In special circumstances, and in
infrared regions where suitable birefringent materials are not available,
reflecting waveplates arc required.

The purpose of this report was to investigate the polarisation characteristics

of retroreflective porro prisms and any beneficial effects obtainable by coating
the reflecting surfaces with thin dielectric films. It was also proposed to
apply this work to the design of a retroreflecting porro prism with specific
phase retardation characteristics to be used in the resonant cavity of a 1.064 um
laser. This report shows that it is possible to coat the reflecting surfaces of
a porre prism so that incident plane polarised light is reflected as plane
polarised light with the plane of polarisation at right angles to that of the
incident beam. The usc of such a prism in the laser resonator has operational
and performance advantages. The coated prism described above is a reflecting
half waveplate.

in addition the results of this investigation show that the phase difference
between the ortgogonal components of both visible and infrared radiation
reflected at 457 from a single coated surface can be varied from values less
than zero to values greater than 7/2 radians. These results can be applied to
other situations where reflecting waveplates are required for controlling or
modifying the state of polarisation of polarised light, With the application
of a thin film coating to reflecting surfaces the resultant phase difference
can be changed in a predictable manner and hence devices such as reflecting or
retroreflecting zero, quarter and half waveplates can be made.

Two prisms have been coated and evaluation of these prisms show that the
predicted phase control is readily achicvable.

2. REFLECTION FROM UNCOATED SURFACES
The Fresnel amplitude reflection coefficients applicable to the boundary between

two media are (see figure 1)

n; ¢cos ¢, - m cos ¢,

p N2 cos ¢y +

n; cos ¢,

n2 cos 9, - ny cos G

n; cos ¢; + n; cos ¢

where n;, n; are the refractive indices of the two media,
p is the subscript specifying that the electric vector is in the planc
of incidence

s is the subscript specifying that the elcctric vector is perpendicular
to the plane of incidence

[P S
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and ¢, and @¢; the angles in the media, are related by Snell's law

m sin¢; = n; sin ¢,

The cosines can be calculated for all values of sine from
"1 - Siﬂz ¢1
cos ¢ = ,/1 - sin? ¢,

the phase change occurring on reflection can be determined from the reflection
coefficients by considering

cos ¢

= Ir | exp(id
r b p( p)
and
r. = lrsl exp(iés)

where Bp and 85 arc the phase changes relative to the incident beam.

Considering the reflection from a dielectric material of higher refractive index
than the incident medium; (see figures 2 and 3 and reference 1)

8§ = = for all angles of incidence,
>
) = (O for angles of incidence less than the
p Brewster angle,
6p = 7 for angles of incidence greater than the

Brewster angle,

|rp| = 0 at thc Brewstcr angle.

For reflection from a diclectric material of lower refractive index than the
incident medium (sce figures 4 and 5 and reference 1)

§ = 0and 8 = mw for angles of incidence less than the Brewster
s P angle

Irpl =0 at the Brewster angle

85 = 0 and & = 0 for angles of incidence between the

Brewster angle and the crit:cal angle

|r | increcascs from 0 to 1 for angles of incidence
P between the Brewster angle and the critical
angle
lrsl = (rp! s 1 for angles of incidence greater than the

critical angle
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cos ¢y = O at the critical angle
cos ¢, is imaginary for angles of incidence greater
than the critical angle
65 and 8 increase from 0 to m for increasing angles
P of incidence greater than the critical angle
8p = 28S at 45° angle of incidence
The difference in phase, § = & - 65, is a function of angle of incidence. In

the region of total internal reflection Bp and 85 can be calculated from

)
¢ p n, yn? sin® ¢, - 1
an =4 =
2 cos ¢,
)
tan 5 - Jny? sin? ¢ - 1
2 n; cos ¢,
/8 -8
tan LA tan | -2 _§{> - cos $2 Vn;’ sin® ¢; - 1
2 \=2 2 n; sin * ¢,

where the outside medium is air(ref.1-3).

In the region of total internal reflection it is possible to control the phase
difference between the s and p components by selection of the appropriate glass
type and angle of incidence. Several retardation devices based on this
principle are described by Bennett and Bennett in reference 2. All but one
device in this reference are for in line use, the exception is the Mooney prism
which has an angle of 300° between input and output beams. Tge simple porro
prism (figure 6) of refractive index n = 1.554 introduces a 45 phase difference
for each reflection and thcrefore can be considered as a retroreflecting quarter
waveplate. The relationship of phase difference 8 = & _ - 85 as a function of

. . . . o L. . . .
glass refractive index in air at 45  angle of incidence is shown in figure 7.

Elliptically polarised light produced when plane polarised light is incident

on the prism is left or right handed depending on the azimuth of the plane of
polarisation of the incident beam with respect to the prism. "Light" has been
used in this report as a general term to refer to electromagnetic radiation in
the ultraviolet, visible and infrared regions of the electromagnetic spectrum.

3. REFLECTION FROM COATED SURFACES
3.1 Total reflection at film/external medium interface
The addition of a dielectric film to the surface of a material used in the

totally internal reflecting mode, (sce figure 8), modifies the phase terms
of the reflection coefficients. Provided that total internal reflection does
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not take place at the material/film interface the critical angle is unchanged
' because the Snell's law relationships between the first and last media are
| unchanged. Interference effects occur within the film, the resultant
amplitudes of the reflection coefficients remain equal to unity and the
resultant phase angles depend on the thickness of the film and the angle of
incidence. The phase changes, 8p and 55, and the phase difference 8 for an

angle of incidence of 45° are shown for various combinations of refractive
! indices in figures 9, 10 and 11. The general behaviour of &, 5p and 85 can

be seen from these figures. Both Bp and 55 tend to large negative values as

the film thickness increases, ic extra film thickness introduces a phase
delay. Both exhibit an oscillatory component with 55 having the larger

perturbations.  The phase difference 8 is oscillatory with respect to
increasing film thickness, thc amplitude and initial direction of this
oscillation depending on the refractive indices of the three materials
involved. The optical thickness of the film is calculated in a direction
normal to the film and displayed in wavelength units.

The formulae for calculation of the amplitude reflection coefficients are

i described in most papers introducing thin film theory(ref.4-7) and the
following formulae are consistent with reference 8. The angles of incidence
and refraction of the light path are related by Snell's law (see figure 8).

ny sin¢s = n sin¢d, = n; sin ¢
ie sin ¢, = ™ sin ¢;
n2
and
. n; .
sin¢; = _Zsin ¢3
m
cos ¢ = J 1 - sin® ¢,
cos ¢ = V1 - sin? b1

where ny, nz, n3 are the refractive indices of the external medium, film and
incident medium respectively. &1, ¢:. and ¢3 are the refracted and incident
angles as shown in figure 8.

Because total reflection at interface 2 is being considered the angle ¢, = 90°.
The value of sin ¢; when calculated from Snell's law for this condition is
cqual to or greater than unity. Hence the calculated cosine of ¢; is
imaginary. Vasicek(ref.9) shows that the imaginary component of cos ¢, must
be negative for the evanescent wave in medium 1 to decay exponentially with
distance and therefore

cos ¢ = -i J'l - sin’ ¢1|
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The Fresnel reflection coefficients are

. _ mcos ¢ - m cos @
P m cos $1 + np cos @2
ry - _M cos $2 - m cos ¢;
p n cos §2 + ny cos @3

. _ N2 cos ¢z - m cos ¢
. =

s nz cos ¢2 + my cos ¢ i

ny cos ¢33 - ny cos @2
T3 = 1

5 ny cos ¢3 + n; cos ¢2

where the suffixes on r refer to the interface and the polarisation for which
the coefficient is applicable.

Summing the amplitude reflections and omitting the polarisation subscripts the
amplitude reflection coefficients for the single film are given by;

ra + r; exp(-2i 8z)

T 1+ 12 13 exp(-2i 82)
wherc
86, = -%1 n2 d2 cos ¢,
d2 = physical thickness of film

and 6; is called the phase thickness of the film.

The reflection coefficients r_and T for the film are complex and can be

xpressed in the form r = Ir | exp(id
exp P p p( p)

]
1]

lrsl exp(j&s)

3.2 Total reflection at incidence medium/film interface

When thc relationships between the refractive indices of the incidence medium,
the film and the angle of incidence are such that total internal reflection
occurs at the incident medium/film interface the phase dependance on film
thickness is different to the characteristic behaviour outlined in Section 3.1.

When total internal reflection occurs at a boundary an evanescent wave exists
in the external medium. The electric field strength of this wave decays
cxponentially with distance from the boundary into the external medium.
Frustrated total reflection can occur if there is another material in the
region of this evanescent wave causing leakage of energy across this new
boundary. The addition of a thin dielectric film onto the boundary does

not cause transmission into the external medium and hence total internal

e ———————————
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reflection will still occur. If the film is very thin the evancscent wave
interacts with the new outer boundary and causes changes in the phase
rclationships. As the film thickness is increased this interaction decrecases
until the evanescent wave is cffectively contained within the added layer.
Figure 12 shows that fur zero film thickness the phase difference 8§ and phase
changes 5p and 5§ are that of the bare substrate. As the film thickness

increases these terms change until further increases in film thickness have
no additional effect on the phase relationships.

The formulae of Section 3.1 are sufficient to calculate the amplitude
reflection coefficients for the total reflection conditions of this section
including the effects of film thickness. When sin ¢2 > 1 then

cos ¢, = -i!ll - sin® ¢,

It may be interesting to note that in optical fibre cables the individual

optical fibres are clad with low index materials to prevent coupling between
fibres and losses from the fibres by physically protecting the inner reflect- 4
ing interface and the region in which the evanescent wave exists.

5.3 Control of phase difference

There are a number of ways of achieving the necessary phase retardation using
total internal reflection. An uncoated porro prism of the appropriate
refractive index is suitable when a 90 phase retardation is required.
Coating of the reflecting surfaces increases the range of achievable phase 4
difference.  Completely containing the evanescent wave within the film

conting (Section 3.2) is attractive because of the protection from dirt and
grcase provided to the reflecting surface and the lack of sensitivity of

phasc difference to film thickness. However, the phase differences obtain-
able at a fixed angle of incidence are limited by the availability of materials
of suitable refractive indices. Figure 12 shows the typical behaviour of the
phase terms 5p, 55 and 8 as functions of the optical thickness. It can be

scen from figure 12 in conjunction with figure 7 that at 45° angle of incidence
the maximum phase difference available in this mode must be less than 90° per
reflection. Using available materials the achievable range of phase
differences is from 39° to 82° (figures 12 and 13).

Coating of the reflecting surfaces with single thin film coatings where total
reflection does not occur at the incidence medium/film interface (Section 3.1)
provides better control and a wider range of phase difference. Figures 14, »
15 and 16 show the range of phase differences that can be achieved using :
rcauily available materials. Figurcs 14 and 15 show the effects of varying
the prism index with films of refractive index 1.35 or 2.2 coated on the i
reflecting surfaces. Figure 16 considers a prism of constant index 1.5 i
with a variety of film indices. The following points are relcvant to 1
figures 14, 15 and 1le. In ecach of these figures the amplitude of oscillation
of the phase diffcrence against optical thickness curve depends on the
difference between the refractive indices of the prism and the film; larger
amplitudes result from larger differences in the indices.  The period of
oscillation of the curve is not the same for cach pair of materials. There

arc regions near the turning points of the curve where the phase difference
remains rclatively constant. Multiple solutions of film or optical thickness
exist for selectced phase differences. In the rcegions where the phase 1

difference changes slowly with optic ' path ler ih the phase difference is
relatively insensitive to changes in ~ler .
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These regions can be considered as near achromatic regions with regard to

phasce retardation. As the optical pathlength in units of wavelength equals
nd/X 1t can be scen that the wavelength extent of these near achromatic
reglons is greater for small optical pathlengths, For example. where a nour

achromatic region exists over an optical pathlength of 0.2, to 0.5 then this
covers a full octave in terms of the wavelength or frequency of light.
Wavelengths of 400 to 800 nm could be accommodated with such a condition.

the possible use of multilayer coatings to control phase differences occurring
on reflection has been explored previously(ref.10,11). The number of designs
to achleve the desired phuse difference is increased greatly by the increase
of the number of parameters that can be changed ie the number and thickness of
films of different materials. While computer programmes suitable for usc in
this type of design problem have been developed in this laboratory a single
film solution has been preferred for the wave retardation devices considered
here. This approach was selected to limit the number of interfaces between
materials, and therefore to decrease the possibility of damaging the coatings
with high energy densities.

4.  SELECTION OF DESIGN FOR RETROREFLECTIVE WAVEPLATE AT 1.06 um WAVELENGTH

The required function of the porro prism phase retardation device in the laser
cavity was to prevent reflected plane polarised electromagnetic radiation from
returning through the linear polariser from whence it came until the polarisation
state of the beam was changed with a pockells cell. (The practical effect of
the pockells cell is to causc an apparcent rotation of the linear polariser.
subsequent references to this aspect of operation will refer to rotation of the
lincar polariser). This function can be achiceved by placing a mirror and
surtably oriented quarter waveplate in the beam of rgdiation. The plane of
polarisation of the incident beam is set to be at 45 to the privileged directions
ot the quarter waveplate.  The beam passes through the quarter waveplate, is
reflected from the mirror, through the quarter waveplate again and back to the
lincar polariser.  The phase difference introduced betwegn the resolved
orthogonual vectors of the beam results in an cffective 907 rotation of the plane
of polarisation and hence the return beam is unable to pass through the linear
polari.er (figure 17).  When the linear polariser is rotated so that the planc
of polarisation of the beam is parallel to one of the privileged directions of
the quarter waveplate no rotation of the plane of polarisation occurs in the
waveplate mirror combination and the beam is returned to and passes through the
linear polariser.

The porro prism has advantages over the mirror, quarter waveplate combination.
It is easier to align and small misalignment in the horizontal plane can be
tolerated. Also, one side of the incident beam is translated by the double
reflection within the prism and some desirable averaging of the beam energy
within the cavity occurs. When the beam from the linear polariser is plane
polarised at an angle of 45° to the line of intersection of the two reflecting
faces (the vertex of the prism) and there is 0 phase difference per reflection
in the prism there is an effective rotation of the plane of polarisation of the
return beam and the return beam is not passed by the linear polariser (figurc 18).
when the lincar polariser is rotated so that the plane of polarisation is either
normal or parallel to the vertex of the prism the return beam is transmitted by
the linear polariser.

It can be seen from figurc 19 that with a 900 phase difference per reflection in
the prism there is no cffective rotation of the planc of polarisation of the
return beam. For this prism to function as required it neceds to be preceeded
by a quarter waveplate as was the case with the plane mirror. The arrangement

" A . — ame -__.I._HI..-J‘ :
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of quarter waveplate and porro prism retains the alignment and averaging
advantages over the mirror, quarter waveplate solution.

1.1 Selected design of prism with 0° phase difference per reflection

To achieve a 0° phase difference per reflection a coating of magnesium
f fluoride, optical thickness 0.75\ and refractive index of 1,38 at 1.06 m on
a prism of refractive index 1.79 at 1,06 um is required as shown by figure 20.
u The critical angle of the prism is 340, (figure 21) and so the maximum total
misalignment and divergence allowed before transmission of the beam through
the reflecting surface of the prism occurs is 117,  The effects of 2= of
misalignment are shown in figure 22 where the phase difference per reflection
tor angles of incidence of 43, 45° and 47° are plotted for this combination

of film thickness and index, and prism index. From the geometry of the

Porro prism an increase in one angle of incidence results in a corresponding
decrease in the other. The total effect of misalignment on the phase
difference through the prism is then the sum of the effects on phase at the
two relevant angles of incidence. The change of phase difference with change
of anglc of incidence is not symmetric about the nominal angle of incidence

of 45°.

Reference to figure 15 shows that a 0° phase difference per reflection occurs

with the combination of a film of refractive index 2.2 on a prism of index 1.45.

From figure 21 the critical angle for the prism material in air is 43.6 .

This means that the total misalignment and divergence allowed before trans-
s . : 0

mission occurs through the reflecting surface is 1.4°. The effect of a 1

misalignment is shown in figure 23 whereothe Bhase digferencc per reflection

is plotted for angles of incidence of 447, 45”7 and 46 .

4.2 Sclected design of prism with 90° phase difference per reflection

While this prism has to be used with a quarter waveplate to meet the require-
ment given in Section 4, it is included as a practical alternative solution.

~ 90° phase difference per reflcction can be achieved by using a thin film
coating of titanium dioxide, optical thickness 0.11A and refractive index 2.2
at 1.06 gm, on a prism of refractivg index 1.5 at 1.06 um (figure 16). The
critical angle of the prism is 41.8  (figure 21) allowing a total misalignment
and divergence of 3~ before the total internal reflection condition is exceeded
and transmission of the beam occurs through the surface of the prism. The

- effects of 2° of misalignment are shown in figure 24 where the phase difference
per reflection for angles of incidence of 430, 45° and 47° are plotted.

5. EVALUATION OF COATED PRISMS
Two porro prisms were coated with thin films of magnesium fluoride and titanium
dioxide. The resultant phase relationships of a beam of light through each

prism were measured to test the validity of the calculated characteristics.,

5.1 Method of measurement

Plane polarised light was éncidcnt on the prism with the electric vector
inclined at an anglc of 45 to the vertex of the prism (figure 25). The
reflected beam rfrom the prism passed through a polariser (analyser) and the
relative intensity of the beam was measured with an SGD 100 silicon diode
detector. The analyser was mounted so that the planc of transmission of the
clectric vector was either parallel with, or perpendicular to, the planc of
the electric vector of the incident beam.
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2.2 Measurement of phuse difference

Yhe light reflected from the prism is, in general, ellintically polarised.
The measured intensities can be simply related to the phase difference
between the s and p components of light from the prism(ref.12).

Consider the orthogonal directions x and y where the direction of x is

parallel with the vertex of the prism and x and y are perpendicular to the
direction of propagation of the beam. The general equation of the path of
the resultant vector for elliptically polarised light is

;2 2 a) -
x? Ly _ 2xy (cos &) sin? & = 0

2
a; az’? aj a:

where a; and a; are the vector component amplitudes in the x and
v directions

and 8 is the phase difference between the components in the
x and y direction; (ref.13).

Because the beam is totally internally reflected within the prism and the
resolved vectors of the input beam in the x and y direction are of equal
amplitude a; = a; in the output beam. Setting a; = a; = 1 the general
equation is simplified to

x> +y* - 2xy (cos 8) - sin® 8§ = 0

Becausc a; = a; the major and minor axes of the allipse are inclined at 45°
to the x and v axes. Rotating the axes through an angle ¢ = 45, the
rotated axes are w and v;

E
1]

X cos ¢ -y sing

<
n

X cos ¢ + y sin ¢

and the equation becomes

cos 8) + v¥ (1 + cos 8) = sin® ®

ie Wt (j cos i>+ ¥ 1 + cos 8) -1
sin? & sin? &

This is the equation of an ellipse with major and minor axes of
a = /sin2 )
1 -cos b
/ s 2
b = sin* &
1 +cosd

wo(1
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where a and b are the amplitudes of component vectors along the w and v axes.
It can be shown that

2 2
a® - b

cos & = .

al + B

I -1

. w Vv

ie cos &6 =

I + 1

w v

where lw and Iv are the intensities of the component beams in the w and v

directions.
5.3 Prism coated with magnesium fluoride

o . . . 0 . . .
fhe prism design to give 0 phasc difference per reflection (Section 4.1) was

based on the use of glass with a refractive index of 1.79 at 1.06 um, A
prism was made from glass with refractive index of 1.76 and coated with
magnesium fluoride.  The lower index glass was used for the prism because
it was readily available.  The phase characteristics of this glass coated
with magnesium fluoride have been calculated and graphed in figure 26. The
minimum phase difference per reflection for these materials is about 4~ when
the optical film thickness is 0.65X at 1.06 um. Spectral reflectance

neasuremerts of the two coated surfaces indicate that the actual optical film
thickness was 0.653N at 1.00 gm.

The measured signals representing the values of Iw and Iv for this prism were

0.1 v and 8.6 v giving a phasec difference of 12.2° for the prism (6.10 per
reflection) and an extinction ratio Iw/IV of 1:86.

5.4 Prism coated with titanium dioxide

The design of paragraph 4.2 was used when making the second prism for
cvaluation. Subsequent to the coating of the prism it was found that the
index of the glass was actually 1.45 at 1.06 um. Spectral reflectance
measurements of the two coated surfaces indicate that the film thicknesses
were 0.241\ @ 1.06 um and 0.251A @ 1.06 Mm. Figure 27 shows the calculated
phase characteristics of the prism and from this data the expected phase
difference is 72° per reflection or 144° for the prism.

The measured signals for Iw and Iv were 7.2v and 1.35v giving a phase differ-

ence of 133° for the prism (66.5o per reflection) and an extinction ratio
Iw/IV of 5.3:1.

5.5 Discussion of results

The results for the prism coated with magnesium fluoride are in good agreement
with the design calculations. It is reasonable to assume that a zero or near
zero phase change per reflection would have been achieved if a higher index
glass had been available.

The original objective of a 90° phase difference per reflection at 1.06 um was
not achieved with the prism coated with titanium dioxide bhccause glass of the
required refractive index was not used. The measured phase difference agrecs
quite well with the calculated values when the calculations arc based on the

4
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materials and film thicknesses used. It is considered that the results from
each prism confirm the correctness of the calculations and also the fact that
these devices can be made.

6. (CONCLUSION

[t is possible to design and make retroreflective waveplates using a single film

coating on cach reflecting surface of a porro prism. The most important of the
waveplates are the zero, quarter, and half waveplate and each of thesc can be
made using readily available materials. The data in this report can be used to

design phase retardation devices of different configurations where special
reflecting waveplates are required.

The reflecting waveplate has particular application in those infrared spectral
regions where no useful birefringent materials are available.
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NOTATION

angle of incidence

amplitude of vector component
amplitude of vector component
physical thickness of film

/T

refractive index

subscripts specifying polarisation of electromagnetic wave
amplitude reflection coefficients
orthogonal axes

orthogonal axes

phase angles

phase thickness of film

angle of rotation of axes

angle of incidence or refraction

wivelength
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Figures 1, 2 § 3

Figure 1. Single surface reflection
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Figure 2. Amplitude reflection coefficients as a function of angle
of incidence (n, > n;)
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Figure 3. Phase change on reflection as a function of angle of

incidence (n; > nz)
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Figure 4. Amplitude reflection coefficients as a function of angle of

incidence (n; <n,)
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Figure 5. Phase change on reflection as a function of angle of

incidence (m; < n;)
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Figure 6. Porro Prism
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Figure 7
At 45° angle of incidence 5p=25s and 5=5s
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Figurc 7. Phase change on reflecction at 45° angle of incidence as a b
function of refractive index
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Figure 8
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Figure 8. Total reflection from a coated surface
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Figure 9
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Figure 17
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Figure 17. Retroreflective mirror and quarter wave plate rctarder
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Figure 18

Figure 18. Retroreflecting porro prism rctarder; 0° phase difference

per reflection
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Figure 19
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Figure 20
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Figure 21
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incidence; prism index = 1,50, film index = 2,27
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Figure 26. Variation of phase difference with variation of angle of
incidence; prism index = 1.76, film index = 1.38
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