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Use of four mirrors to rotate linear polarization
but preserve input—output collinearity. II
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We report on the design, construction, and testing of a four-mirror reflective polarization rotator, proposed by
Smith and Koch [J. Opt. Soc. Am. A 13, 2102 (1996)), that rotates by an angle ¢ the input linear polarization
while preserving the input-output beam collinearity. We correct errors in the previous work that led to an
incorrect design for a ¢ = #/2 rotator. This type of pure rotator is simple and inexpensive, and it is a direct
application of the concept of the nonadiabatic geometric phase to polarization rotation. We alsopresent mea-
surements of the polarization rotation for the case of three metallic mirrors with antiparallel input and output
beams, a test of geometric phase in polarization optxcs not done before. © 1997 Optical Society of America
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1. INTRODUCTION

For the past ten years much work has concentrated on in-
vestigating both t.heoretlcally and experimentally mani-
festations of geometric phase,! which for a quantum sys-
tem is also known as Berry’s phase.? In optics one of the
manifestations of geometric phase is the rotation of the
"plane of polarization of light when it travels a cyclic, non-
planar trajectory in photon-spin space. This has been
demonstrated for a continuous path in a coiled optical
fiber,®* as well as for a discrete path with use of
mirrors.>? These findings can be used as a basis for con-

structing practical polarization-rotation devices. Al-

though the predictions of a geometric phase analysis can
also be achieved through purely classical electromagnetic
" calculations, the use of geometric phase arguments to de-
sign rotators reduces the solution to a geometrical form,
which is much easier to visualize and is convenient for
finding solutions with particula.r constraints or symme-

Usmg the concepts of geometric phase as a starting
point, Smith and Koch® (SK) proposed in a recent article a
reflective polarization rotator that preserves input-
output collinearity. Their results were corroborated by
ray-tracing  calculations besed on classical electro-
magnetic-wave equations. Here we report on the con-
struction of a four-mirror reflective polarization rotator
stimulated by that work. We also discuss two errors in
the calculations of SK that led to incorrect specifications
for a four-mirror rotator thai rotates the plane of linear
polarization by ¢ = @w/2. These errors, discussed in Sec-
tion 2, involved missed minus signs in both calculations,
which conspired to give the same erroneous results.
They were not detected until we constructed rotators and
tested them. The corrections to the calculations do not

affect the general ideas and conclusions of SK, but they do
affect the detailed design. .
In Section 3 we discuss the design and testing of suc-
cessful #/2 rotators with four metallic mirrors. - The sim-
plicity of such a rotator was possible only because the

_wavelength of the light used was in the mid-infrared

(mid-IR), near 10 xm, where metallic mirrors exhibit
near-ideal properties. In the visible this type of rotator
is, in most cases, not possible because .of the different
phase shifts and attenuations that the s and p polariza-
tion components acquire upon reflection at metal mirrors,
thereby introducing unwanted rotation and ellipticity.
Departures from ideal behavior of real mirrors at 10 um
are discussed in Section 4. _ _

To test further the predictions of nonadiabatic geomet-
ric phase on polarization rotation,’® we did measure-
ments for the case of a rotator with three metallic mir-
rors, where the input and output beams are antiparallel.
These results are presented in Section 5.

2. ERRORS IN THE CALCULATIONS OF
SMITH AND KOCH

As mentioned in Section 1, there were two errors in the
calculations of SK. One was a missed minus sign in the
reflection coefficient for s polarization, which affected the
ray-tracing electromagnetic-wave calculations used to
find the final state of the polarization of the light after it
passed through the rotator.

The second error consisted of not accounting for the he-
licity reversal of the photon upon reflection at a metallic
mirror. Earlier work on the manifestation of the geomet-
ric phase in polarization of light3* found that the rotated
polarization for the case of adiabatie, i.e., continuous, evo-
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lution through a coiled optical fiber is given by the solid
angle subtended by the closed curve that the propagation
vector k = (2#/)\)e follows in configuration space, where
e is the unit vector alorig the direction of propagation.
Later work® 7 showed that for nonadiabatic, i.e., discon-
tinuous, changes in the k vector due to reflections at me-
tallic mirrors, the geometric phase is given by the solid
angle () subtended by the closed curve of the spin of the
photon, or equivalently, by the k vector, defined in Ref. 5
as follows: if k; is the lc vector after the ith reflection
(with i = O for the initial k), then k; = (-1)’k;. The'k
space accounts for the reversal of the photon’s helicity at
reflections in ideal®® metallic mirrors. Near-normal re-
flections (e.g., a; ~ 0, where a; is the angle of incidence)
at the interface with a dielectric also produce helicity re-
versals. In contrast, total internal reflection in a dielec-
tric at the critical angle® or reflection at a glancing angle
(e.g., a; ~ m/2) results in a nonreversal of the photon’s he-
licity. Most other situations result in a reflected beam
that consists of a linear superposition of helicities. SK

incorrectly applied a helicity-conserving analysis (k vec-
tor) to a situation that required a helicity-reversal analy-
sis (k vector).

The requirement that the input and output directions
be parallel (i.e., Kgnq = Kipitia)) restricts the application of
cyclic geometric phase concepts in systems with helicity-
reversing reflections to a polarization rotator that has an
even number of mirrors. For an odd number of mirrors
giving Kgna = Kinitial, cyclic geometric phase concepts
cannot be applied because the k vector does not follow a
closed path: kﬂml = —k,,,,m (see Section 5 for details.).
This restriction is removed in helicity-preserving
systems.? Therefore Fig. 1 of SK, which shows a ¢=
rotation with use of the geometric phase for a three-
(metallic)-mirror rotator with parallel input and output,
is strictly incorrect. Interestingly, though, the result ¢
= /2 is fortuitously correct because all the reflections in
Fig. 1 of SK were at a; = 7/4, a case where Q(k)= Q(k).
‘For the case of four mirrors, solutions of input-output col-
linearity and polarization rotation can be obtained; the
proof of Section 3 of SK is valid. However, because of the
errors mentioned above, the particular four-mirror design
proposed in Section 4 of SK is incorrect, including its Fig.
2. For such a case (k) = n/2 but Q(k) = 51.06°. Our
measurements for that geometry (with light near 10 um)
were ¢ = 51.3 + 1.5°.

We note that a planar reflective device (3 = 0) that
uses three mirrors and preserves input—output collinear-
ity has been demonstrated; it is the mirror equivalent of a
Dove prism.!%!! However, it is not a pure rotator since,
like a half wave plate, the angle of rotation depends on
the azimuth angle of the input polarization.

3. DESIGN OF A ¢ = n/2 FOUR-METALLIC-
MIRROR POLARIZATION ROTATOR

There exists a family of sclutions to the problem of a four-
metallic-mirror device that rotates the plane of polariza-
tion by an angle ¢ and preserves input-output c llinear-

ity. Following SK, we consider the particular case ¢
= /2. Let kj and k, be the initial and final ¥ vectors,
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respectively. If r; represents the position of the ith mir-
ror, with i = 1...4, the collinearity condition is

fr; - ry| [ry — x5l
ey — | [ry = 1y

[ry ~ |
ey - |

k0= k3—k47

0 )]

where k, , ky, and k; are the k vectors after the first, sec-
ond, and third mirrors, respectively.

Here, taking 2#/A = 1 for notational convenience, we
show a set of solutions that have a particularly simple ge-
ometry by setting

0 ky=e,,

(ii) kz = @

(iii) k) and ks to have polar coordinates §; and ¢; such

01 = 03 < w2 ) 2)

72 < P1 = —@3 < 7. (3)

The unit vectors &, ,€, are along the z and z d.lrect:lons,
respectively.

The corresponding k sphere is shown in Fig. 1. On the
surface of the k sphere our particular choice of symmetry
results in a spherical quadrilateral that can be divided
into two equal spherical triangles (see Fig. 1), whose
summed area can be computed easily with t.he formula
given in SK. Thmcanbeexpressedas

0%, &, &, &, = 204, &, &y @
where 0%, &, k, .k, and 0;0;’;’ are the solid angles
formed by vectors ko kl,kz,ka and ko k2 k3, respec-
tively. If k;, is specified by the polar angles 8; and & 3,

mth03—1r—03and¢3-¢3—1r, then the =/2 rota-
tion condition becomes

0%, &, i,(03,35) = /4. 5)

This gives a family of solutions for 6, and & @3, from which
the entire rotator geometry is determined. The trajec-
tory of the light through this rotator is shown in Fig. 2.
We confirmed these results with ray-tracing classical elec-
tromagnetic calculations.

As stated by SK, a restriction inherent in the design of
this type of reflective polarization rotator is that the re-
flectors be ideal mirrors. More specifically, this requires
Insensitivity to the azimuth angle of the linear polariza-
tion and to the angle of incidence. As will be discussed in
Section 4, these conditions are sufficiently well satisfied
in the mid- and far-IR with uncoated metallic mirrors.
With linearly polarized light from a CO, laser (near 10
#m) we tested the rotator by using first-surface gold mir-
rors (no overcoat). Each mirror was prepared by evapo-
ratively depositing a 110-nm Au film on a A/4 Zerodur op-
tical flat (Edmund Scientific model A32656). Our
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Fig. 1. Arrangement of k vectors (photon spin) for our four-
_mirror, reflective polarization rotatar design (see text).
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. 2. Trajectory of the light as it goes through the rotator.
shown are the propagation vectors k, whose photon-spin
geometry is given by Fig. 1. For the case with 8
and @, = 35.26°, the rclative dimensions are a:b:c
:1:1.414. i
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measurements were done for two sets of solutions
(s, Py): (120°, 35.26°) and (100°, 41.23°), yielding rota-
tions of ¢ = 89.3 = 1.1° and ¢ = 89.7 = 1.9°, respec-
tively. To measure ¢ we used a wire-grid linear polarizer
(Cambridge Physical Sciences, model IGP226) as a polar-

ization analyzer located downsiream of the position of the

rotator. - First without, and then with, the reflective po-
larization rotator in the path of the CO; laser beam, we
measured the angular position of the wire-grid analyzer
that minimized the transmitted intensity. The differ-
ence in these angular positions gave ¢.

While the effect of nonadiabatic (called “antiadiabatic”
in Ref. 9) geometric phase on polarization rotation has
been demonstrated before,®’ auch experiments were in-
terferometric and thus involved fringe-shift measure-
ments. The results presented here, by taking advantage
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of the near-ideal behavior of metallic mirrors at mid-IR
wavelengths, are to our knowledge, the first direct mea-
surements of the polarization rotation for the nonadia-
batic case. ’

4. DEPARTURES FROM THE IDEAL
REFLECTOR

'For wavelengths in the visible and near-IR, metallic mir-

rors are far-from-ideal reflectors. The reason is the dif-
ferent phase shifts and attenuations that s and p polar-
izations acquire upon reflection (see, for example, Ref.
12), converting linear polarization to elliptical polariza-
tion for any case where the incident light is a mixture of s
and p polarizations. In any polarization-rotator geom-
etry resulting from the design described in Section 3,
where the light rays are not kept in a single plane, it is
inevitable to have reflections with both types of polariza-
tion. Conversely, the differences in s and p phase shifts
and reflectances in the mid- and far-IR are negligible be-
cause in these spectral regions n, o > 1, where n and «,
are the real and the imaginary components of the index of
refraction, respectively. For example, for gold mirrors in
the mid-IR, n(10 um) = 11.5 and x4(10 um) = 67.5,
while in the visible n(650 nm) = 0.142 and x¢(650 nm)
= 3.374.) As a consequence, for gold mirrors used in
the mid- or far-IR, the s and p reflection coefficients as-
sume the same, constant-amplitude and constant-phase
asymptotic values at any practical angle of incidence.}*
(See also Ref. 10 for a discussion of this behavior.) For un-
coated Au mirrors we found that the worst degree of el-
lipticity introduced by the nonideal response of the mir-
rors was (Ipin/Tnadan = (0.62 £ 0.14)% at ¢, = 90°,
where I, and I;,, are the minimum and maximum in-
tensities transmitted through the wire-grid polarization
analyzer, respectively, and ¢, is the azimuth angle of the
input polarization for the four-mirror rotator: the input
electric field is given by E; = *E,(cos ¢, sin y,, 0).
For ¢, = £45°, s and p phase shifts compensate in such
a way that the ellipticity was reduced to a negligible
amount; the ray-tracing calculations predict (I iy Tiner)Aa
~ 1078, and our measurements gave the same measured
power whether we blocked the beam with the polarizer
before or after the rotator. We still measured a small
amount of power being transmitted, with (I /Inedax
= (0.22 = 0.14)%. However, this is consistent with the
extinction quoted by the manufacturer of our wire-grid
polarization anslyzer: I /I . <0.26%. Our calcula-
tions indicate that a similar outcome should be expected
for other commonly used, first-surface metal mirrors such
as aluminum or silver, as long as they are not overcoated.
To confirm the shortcomings of the mirrors in the visible,
we did measurements with a 632.8-nm linearly polarized
He-Ne laser beam. We found that for ¢, = —5 + 2° the
output is nearly circularly polarized: I;0/Tiax = (92
+ 6)%; for ¢, =41 * 2° it was linearly polarized:
Iin Tinex < 0.012%. - We note, though, that for the latter
case the rotation was not reliably 90°, departing by as
much as 15° depending on the exact geometry and align-
ment.

Protective and reflection-enhancing dielectric overcoat-
ings often applied intentionally to metallic (film) mirrors,
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as well as oxide coatings that grow when unprotected,
non-noble-metal mirrors are exposed to air, can have an
important influence on the s and p phase shifts upon re-
flection. Unfortunately, because most vendors do not
specify the makeup and thickness of the dielectric film(s)
on their coated metallic mirrors, it is impossible to predict
without prior diagnosis wiat their effect will be on the po-
larization of visible light. In the mid- and far-IR the ef-
fect of mirror coatings, though less important, is still mea-
surable. For example, when we used protected Al
mirrors (MWK, model F$2N2) instead of uncoated gold
mirrors in the four-mirror rotator with (63, @3)
= (120°, 35.26°) and ¢, = 90°, we found slightly ellipti-
cally polarized output: I/ = (3.4 = 0.1)%, a
noticeable effect.

5. TEST OF A THREE-METALLIC-MIRROR
POLARIZATION ROTATOR

As discussed in Section 2, a consequence of helicity rever-
sal for the case of the three-metallic-mirror rotator with
use of the geometric phase analysis is that the input and
output beams must be  antiparallel (e,
Kapa = ~Kimria))->®  Since, to our knowledge, such a pre-
diction had not been tested, we did polarization-rotation
measurements for the exact configuration proposed in
Ref. 5. As in the measwrements with the rotator in the
previous section, we used a CO; laser beam and uncoated
gold mirrors. The measured polarization rotation as a
function of the solid angle Q subtended by the photon spin
in its closed and discrete trajectory through the rotator is
shown in Fig. 3. The trajectory of the optical beam is
shown in the inmsert to Fig. 3: k;=1(0,0,1), k,
= (-1,0,0), ky = (0, cos 8, sin B), and kg = (0, 0, —1).
For this case the solid angle is given simply by®
N = n/2 - B. Classical transport calculations with

I — - - T

0 2 ) o 0
R=x2-p

Fig. 3. Measurements of the polarization rotation angle ¢ for
the three-metallic-mirror case as a function of the solid angle Q
described by the spin of the photon in its closed and discrete tra-
jectory. The two data sets shown correspond to two different
values of the azimuth angle of the input polarization of the light
(see taxt): ¢ = 00° (squares) and ¢, = -74.2° (cireles). The
solid line is the expected polarization rotation angle.
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ideal mirrors give the identical result. We used two in-
put polarization azimuth angles, 3 = 90° and y3
= -74.2°, with ¢; defined the same way as for the four-
mirror case: the input electric field is given by E,
= =Ey(cos ¢5, sin y5,0). The uncertainty in B8 for each
data point was 0.4°. The amount of ellipticity in the out-
put was very low: I, /I ., =(0.33 £ 0.14)%. The
measurements in Fig. 3 show excellent agreement with
the geometric phase predictions (solid line). Qur two
data sets show that the amount of rotation is independent
of the incident polarization azimuth angle, consistent
with the polarization being rotated by means of an ac-
crual of geometric phase.

6. CONCLUSIONS

In conclusion, we have demonstrated a class of four-
mirror devices that rotate the linear polarization of light
based on the geometric phase acquired om passing -
through a nonplanar and discrete optical path, while con-
serving the input-output collinearity of the light beam.
We showed that in the mid-IR (at 10 um), metallic mir-
rors exhibit near-ideal properties, a behavior that is re-
duced by protective or reflectivity-enhancing overcoats.
We also presented measurements on a three-mirror rota-
tor with antiparallel input and output that confirm the
predictions of geometric phase. Our work demonstrates
the convenience of this experimental system (CO, laser
beams and uncoated Au mirrors) for the testing of geo-
metric phase predictions.
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