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Dove prisms and K-mirrors are devices extensively used for rotating the wavefront of an optical field. These devices

have several applications, including the measurement of orbital angular momentum, microscopy, beam steering,
and pattern recognition. However, the wavefront rotation achieved through these devices is always accompanied by
polarization changes in the incident field, which is an undesirable feature in many of these applications. Although
the polarization changes induced by a Dove prism have been explored to quite some extent, no such study is avail-

able for a K-mirror. In this paper, we theoretically and experimentally investigate polarization changes induced
in the transmitted field by a rotating K-mirror. For quantifying such polarization changes, we define a quantity,
mean polarization change D, which ranges from 0 to 7. We find that K-mirrors can reduce D to about 0.03x for
any incident state of polarization; however, reducing D to the same extent with a Dove prism is practically unvi-
able. Therefore, K-mirrors are better alternatives to Dove prisms in applications in which the polarization changes
accompanying wavefront rotation need to be minimum. © 2022 Optica Publishing Group

https://doi.org/10.1364/A0.472543

Rotation of an optical wavefront by an arbitrary angle is desir-
able in several applications. Various kinds of devices, such as
Dove prisms [1], Pechan prisms [2], K-shape prisms [3], Porro
prisms [4], and rotators based on mirror reflections [5-8] are
used to achieve the rotation of an incident optical wavefront.
Among these, Dove prisms are widely used due to their applica-
tions in interferometry [9-11], microscopy [12], beam steering
[13], optical astronomy [14], pattern recognition [15], and
sensing based on surface plasmon resonance [16]. In recent
years, Dove prisms have also been used in optical profilers [17],
in optical parametric oscillators [18], and for measuring orbital
angular momentum (OAM) of a single photon [3,4,19-22].
Despite having a plethora of applications, a Dove prism has
major alignment issues in experiments in which it needs to be
rotated. A Dove prism is a single-piece device; thus, one can-
not adjust the angles between different reflecting or refracting
surfaces. This invariably causes finite lateral and angular shifts
of the field transmitting through it. It is a major concern in
applications where rotation of an incident field with respect
to a fixed center is desired. Even in the case of interferometric
measurements, a shift of the field leads to additional temporal
fringes and thus affects the visibility. In order to overcome these
challenges, a K-mirror is often employed to rotate an optical
wavefront [5—7]. A K-mirror consists of three separate mirrors
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with independent controls that can be used to minimize the lat-
eral and angular shifts to a great extent [6]. Therefore, although
Dove prisms are convenient in several applications, K-mirrors
are a better alternative where continuous rotation of a wavefront
is required. Recently, K-mirrors have been used in the measure-
ment of the OAM spectrum of partially coherent fields [7] and
the spiral spectrum of photon pairs generated by spontaneous
parametric down-conversion [5].

The working of a Dove prism or a K-mirror is highly depen-
dent on the polarization of the incident field [3,5,7,20]. As a
result, the wavefront rotation achieved through these devices is
always accompanied by polarization changes in the transmitted
field. This is an undesirable feature in many applications. Since a
K-mirror involves three reflections while a Dove prism involves
two refractions and one total internal reflection, the wavefront
rotation through these two devices can cause different polariza-
tion changes in the transmitted field. Although the polarization
changes induced by a Dove prism have been explored to quite
some extent [1,2,23], no such study is available for a K-mirror.
In this paper, we theoretically and experimentally investigate
polarization changes induced in the transmitted field by a
rotating K-mirror.

Consider a Dove prism with base angle & and a K-mirror with
base angle B as shown in Fig. 1(a) and 1(b), respectively. As can
be inferred from Fig. 1, o ranges from 0° to 90°, while 8 ranges
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Fig.1. (a) Schematic of the field transmission through a Dove prism
having base angle «. (b) Schematic of the field transmission through a
K-mirror having base angle 8.

from 0° to 45°. Here we work out a quantifier of polarization
changes induced in the incident field for the rotation of the
devices from ¢ = 0 to ¢ = 7. We take the electric field incident
onto the Dove prism or the K-mirror as En= Ei“fc + E;“jl,
where E"=cosy;, and E" =sin ;e are x- and
y-polarized components of the electric field (see Fig. 1.)
The state of polarization (SOP) of the incident field E in
is uniquely represented by the Stokes vector S, given as
s =[S S S S‘“] T where the Stokes parameters
are given by S(i)“ = |ch“|2 |E}“|2 Sin = | Ein|2 — |E}“|2
S =2Re[ EMEiM], and i = zIm[E;“*E}ﬂ] [24]. The nor-
malized Stokes parameters §™ are represented by a point on
the surface of the Poincaré sphere of radius equal to Si* =
as shown in Fig. 2, where Sit=Sin/Sin = Sin= gin/gin
S'izn = Sin/Sin " and Sin — Sin/Sin. We represent the incident
polarization state by the black dot P, on the Poincaré sphere.
When a Dove prism or a K-mirror is rotated from 0° to 180°,
the transmitted state of polarization forms a closed loop on
the Poincaré sphere, as shown by the blue curve in Fig. 2. For
illustrating the sense of rotation, we show Pj, P, P5, P4 on
the Poincaré sphere, which are the states of polarization of the
transmitted field at ¢ = 20°, 60°, 100° and 140°, respectively.

The field transmitted through a device at the rotation angle
¢ can be written as E°* = Y}Ei“, where j =[DP, KM]. Tpp
and Ty stand for the transfer matrix for transmission cor-
responding to a Dove prism and a K-mirror, respectively (see
Supplement 1, sections 1, 2, and 3 for the detailed calculations
of Tpp and Tinm). Thus, the transmitted field E°* can be shown
tobe

(7}5 cos® ¢ + TP sin qb) cos l/fm
E (7}S Yf) sin @ cos ¢ sin Yipe’
Eou N (7}5 Tf) sin ¢ cos ¢ cos Yin
(7;-? cos® ¢ + 77 sin? (]5) sin Yipe’
1
The state of polarization of the transmitted field is repre-
sented by the Stokes vector $°*. The Stokes parameters can be
calculated in terms of the transmitted field and can be shown
to be
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Fig. 2. DPoincaré sphere representation of the polarization states of
the transmitted field as a function of the rotation angle ¢. As shown
in the inset and by the black dot on the Poincaré sphere, the incident
polarization is vertical. The geodesic distance 4 is the difference
between the transmitted state of polarization P and the incident SOP
Py, ds depicts the arc length element.
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where Re[---] and Im[-- -] represent the real and imagi-
nary parts, respectively. Next, we calculate the normalized
Stokes parameters as Sout So/Sgt, Soue — goue / gouc,
Sgut = S5 /80",  and SO‘" SO“‘/SO'“. We plot these
normahzed Stokes parameters on the Poincaré sphere as a
function of ¢.

In order to quantify the polarization changes, we take the geo-
desic distance 4 as an estimate of the difference between a trans-
mitted state of polarization P and the incident state of polariza-
tion P, (see Fig. 2.) The geodesic distance 4 is given by

d = cos™ [5’;’“5;" + 8 S 4 3;”‘5;"] . (6)

Next, for estimating the overall polarization change induced
by adevice when itis rotated from ¢ = 0 to ¢ = 7, we define the
mean polarization change D as the average geodesic distance &
over a closed loop on the Poincaré sphere. We thus write D as

> (%)

T Soutsm
[dds Jomo cos™ [21 }

D= =
Jds 3. (a5 2 ’
(7)
Gour 2
where ds =/ 32, (%) d¢ is the infinitesimal arc length

element of the closed loop (see Fig. 2), and where

i=1
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0in = 0, the deviation of the transmitted beam at any rotation
angle ¢ is minimum, which is necessary for any experimental
setup. Therefore, although 6, affects the transmitted polari-
zation state, in this paper, we present all the results at 6;, = 0.
We plot the mean polarization change D as a function of the
base angles, & and B. Figures 3(a)-3(c) depict D as a function
of base angles o and B for linearly, elliptically, and circularly
polarized incident fields, respectively. We find that there is no
minimum in D for a Dove prism, whereas for a K-mirror D
reaches its minimum at around 8 = 17.88°. We note that the
minimum value of D for linearly, elliptically, and circularly
polarized incident fields are 0.01527, 0.02967, and 0.03037,
respectively. These are depicted by red dots in Figs. 3(a)-3(c),
and the corresponding transmitted fields are shown by the red
closed loops on the Poincaré spheres in Figs. 3(d)-3(f). These
are tiny closed loops centered at P, signifying very small polari-
zation changes in the transmitted field. In order to emphasize
this, we compare the polarization changes induced by the com-
mercially available Dove prism and K-mirror with o =45°
and B =32.5°, respectively. The D values with & =45° and
B = 32.5° for three different incident polarizations are depicted
by blue and magenta dots in Figs. 3(a)—-3(c). The corresponding
transmitted fields are shown by blue and magenta closed loops
on the Poincaré spheres in Figs. 3(d)-3(f). From the results
shown in Fig. 3, we make several observations. We note that
while a K-mirror with § =17.88° induces only about 3%
mean polarization change with respect to the incident field, the

3 out
3 (ds ) [—4(|7}?|2—|7;|2)2 (cos 8 cos 26 sin 2y — cos 2W sin 2¢)* — 16 (Re[Y;S ") — |7 T )

X (cos 2, cos 2¢) + cos 8, sin 21, sin 2¢)* + 4 [{ (| 7j|2 + Y;P|2 —2Re [7}5 T;P*]) cos §;, cos 4¢

— 2Im [7}‘ 7;p ] cos 2¢ sin (Sin} sin 2¥, + (| 7}7|2

|T|)51n2¢+(2Re[ T°T. P*] |TP|2

. 2
| 7;|2) cos 2y, sin 4(1)]

+ [(I 7;?|2 + | Tf|2 2Re [ 5TP*]) cos 2y, — 4¢) — 4lm [ T, P*] sin &, sin 24, sin 2¢

J

— 2Re [7}5 CP*] {cos Y, + 4¢) + 2 cos 8y, sin 29, sin 4¢} =+ |

+ | 77|2 {2 cos 2¢ + cos vy, + 4¢) + 2 cos &, sin 2, sin 4¢}]2

IO P HITP— (TP -

D ranges from 0 to 7, with D = 0 representing no polariza-
tion change, while D = 7 represents the maximum polarization
change. When D = 0, the state of polarization of the transmit-
ted field is same as that of the incident field, whereas when D =
7 the state of polarization of the transmitted field is a point dia-
metrically opposite to P, on the Poincaré sphere.

We now present our numerical studies of polarization change
induced by a K-mirror and compare it with that induced by a
Dove prism. For our simulations, we consider commercially
available Dove prisms and K-mirrors and take the refractive
index 7 = 1.5168 for the Dove prism and the refractive index
of the silver coating 7, = 0.1568 + 73.8060 for the K-mirror.
We take the rotation axis of the Dove prism or the K-mirror
to be aligned with the direction of propagation of the inci-
dent field and thus take 6;,, = 0 (see Fig. 1). This is because, at

| 77|2) cos 2y, cos 2¢p —

|2 { —2 cos 2¢ + cos (2, + 4¢) + 2 cos 8y, sin 2y, sin 4¢}

| S

(|7p|2 | T3 I)cos5ln51n21//,n5m2¢)]

)]

commercially available Dove prism and K-mirror induce much
higher changes. Moreover, for different incident states of polari-
zation, the D values induced by a K-mirror with 8 = 17.88° are
almost the same, whereas they have wide variations for commer-
cially available Dove prisms and K-mirrors. We further note that
there are several pairs of base angles & and 8 at which a K-mirror
and a Dove prism induce the same D. This means that these two
devices are equivalent as far as the mean polarization change is
concerned; however, the details of polarization changes in the
transmitted fields could be different.

Given that a K-mirror at 8 = 17.88° can reduce the induced
polarization changes to a much larger extent than the com-
mercially available Dove prisms and K-mirrors, we explore
the practical viability of engineering such a K-mirror. First, we
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Fig. 3. (a), (b), and (c) Plots of mean polarization change D as a

function of the base angle @ and B for linearly, elliptically, and cir-
cularly polarized incident fields, respectively. The insets show the
incident SOP. (d), (e), and (f) Poincaré sphere representations of the
transmitted state of polarizations as a function of ¢. The three closed
loops on each Poincaré sphere correspond to the Dove prism base angle

o = 45° and the K-mirror base angles 8 = 17.88° and = 32.5°.

derive the length L and height A of a K-mirror for a given base
angle B and clear aperture / (see Fig. 1). From the geometry
of the K-mirror shown in Fig. 1(b), one can show that (see

Supplement 1, section 4)
h tan2f
H=—-|1 . 9
2 |: + tanf :| ©)

L =2hcotp,

Therefore, for § =17.88° and the commonly used aper-
ture size # = 2.5 cm, the length and height of the K-mirror
come out to be L =15.50cm and H =4.04 cm. Thus we
see that a K-mirror with 8 =17.88° is indeed practically
viable. From Figs. 3(a)-3(c), we note that, as far as the mean
polarization change D is concerned, a Dove prism having
a =79.41° is equivalent to a K-mirror having 8 =17.88°. It
is therefore natural to ask whether or not a Dove prism with
a =79.41° is practically viable as well. In order to answer this,
we use the L/} ratio derived in Refs. [1,25], which is given by

% == 12a [1+ Y —r" n —cos? a+5ina], where L is the length and 4
s A/ n2—cos? a—sin &
is the aperture size of the Dove prism. Thus for the base angle
a =79.41° and clear aperture size / =2.5 cm, the required
length of a Dove prism is L = 39.88 cm. Therefore, although
it is practically viable to reduce the mean polarization change
D to about 3% using a K-mirror, it is almost impractical to
reduce D to such an extent using a Dove prism. Even if such a
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Dove prism is possible to produce, it will not be useful for several
reasons, including the much increased lateral and angular shifts
and the instability of tabletop interferometric setups due to the
increased size of the interferometer.

So far, we have only explored K-mirrors with silver coating
for reducing the mean polarization change D. We next explore
the effects of the other commonly used metal coatings on D. For
each metal coating, we evaluate the attributes of the K-mirror
that minimizes D. In Table 1, we report the base angle 8, the
length L, the height A, and the minimum value of D for the
three most commonly used coatings, namely aluminum, gold,
and silver. We thus find that the silver coating is the best in
minimizing the mean polarization change.

We next present our experimental studies of the polarization
changes induced in the transmitted field by the commercially
available Dove prism (o =45°) and K-mirror (8 =32.5°).
In our experiment, we use Thorlabs Dove prism (PS992M-B)
and a Science Edge K-mirror IRMU-25-A). The experimental
setup is shown in Fig. 4. We use a 5 mW vertically polarized
Newport He—Ne laser and generate different incident states
of polarization using a half-wave plate A and a quarter-wave
plate Q;. The incident field passes through the Dove prism or
the K-mirror mounted on a rotating stage whose rotation axis
coincides with the incident field’s propagation direction such
that 6;, =0 (see Fig. 1). We perform polarization tomogra-
phy on the transmitted field and measure the corresponding
Stokes parameters using a polarizer and a quarter-wave plate
[24]. Figures 5(d)-5(f) represent the experimentally observed
transmitted SOP on the Poincaré sphere as a function of the
rotation angle ¢ of the Dove prism for linearly, elliptically, and
circularly polarized incident fields, respectively. Figures 6(d)—
6(f) represent the experimentally observed transmitted SOP
on the Poincaré sphere as a function of the rotation angle ¢ of
the K-mirror for linearly, elliptically, and circularly polarized
incident fields, respectively. The corresponding theory plots
for the Dove prism and K-mirror are shown in Figs. 5(a)-5(c)

Ml H Ql

i

A He-Ne -
~ . - Laser- -

.E-.," _AC_C]?-' . - .-‘ g iy .:

Fig. 4. Experimental setup for measuring the induced polarization
changes due to a rotating Dove prism and a K-mirror. M, mirror; H,
half-wave plate; Q, quarter-wave plate; DP, Dove prism; P, polarizer.

Table 1. Attributes of K-Mirrors with Different Metal Coatings to Achieve the Minimum D for Clear Aperture
h=25cm

% of Mean Polarization Change
Metal Refractive Index 7, Base Angle 8 Length L (cm) Height H (cm) Linear Elliptical Circular
Aluminum 1.2685 + 7.2840: 10.41° 27.22 3.84 6.71 12.85 13.12
Gold 0.1955 +3.2582: 19.95° 13.78 4.13 2.16 4.20 4.31
Silver 0.1568 4+ 3.8060: 17.88° 15.50 4.04 1.52 2.96 3.04
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Fig. 5. Transmitted SOP as a function of the Dove prism rotation
angle ¢. (a), (b), and (c) Poincaré sphere representations of the trans-
mitted SOP corresponding to linearly, elliptically, and circularly polar-
ized incident fields, respectively. (d), (e), and (f) Corresponding repre-
sentations of the experimentally measured transmitted SOP. The inset,
as well as the black dot on the Poincaré sphere, represents the incident
SOP. The sense of the rotation of the Dove prism is marked with a red
arrow and points P to Ps.

D=0.3187n

D =0.4156m

D =0.55097

D =0.3405m D=04127r

Experiment

-1

Fig. 6. Transmitted SOP as a function of the K-mirror rotation
angle ¢. (a), (b), and (c) Poincaré sphere representations of the trans-
mitted SOP corresponding to linearly, elliptically, and circularly
polarized incident fields, respectively. (d), (e), and (f) Corresponding
representations of the experimentally measured transmitted SOP. The
inset, as well as the black dot on the Poincaré sphere, represents the
incident SOP. The sense of the rotation of the K-mirror is marked with
ared arrow and points P to 4.

and Figs. 6(a)-6(c), respectively. The numerically calculated
and experimentally measured D values for all the above cases
are indicated in Figs. 5 and 6. We find that, although there is
an excellent match between theory and experiment for the
K-mirror, the match is not so good in the case of a Dove prism.
This is due to the fact that it is much easier to achieve good
alignment with a K-mirror than with a Dove prism. As a result,
the experimentally observed values of D in the case of a Dove
prism are much higher than the theory.

In conclusion, in this paper, we have theoretically and exper-
imentally investigated the polarization changes induced by a
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rotating K-mirror for different incident states of polarization.
For quantifying such polarization changes, we have defined a
quantity that we refer to as the mean polarization change D. In
our numerical studies, we have found that a K-mirror with base
angle B = 17.88° can reduce D to about 0.037, for any incident
state of polarization; however, reducing D to the same extent
with a Dove prism is practically unviable. Hence, K-mirrors
are more suitable than Dove prisms in applications in which
the polarization changes need to be minimum. This can have
important implications for applications that require wavefront
rotations with minimum possible polarization changes.
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