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A K-mirror is a device that rotates the wavefront of an incident optical field. It has recently gained prominence
over the Dove prism, another commonly used wavefront rotator, due to the fact that while a K-mirror has several
controls for adjusting the internal reflections, a Dove prism is made of a single glass element with no additional
control. Thus, one can obtain much lower angular deviations of transmitting wavefronts using a K-mirror than
with a Dove prism. However, the accompanying polarization changes in the transmitted field due to rotation persist
even in the commercially available K-mirrors. A recent theoretical work [Appl. Opt. 61, 8302 (2022)] shows that it
is possible to optimize the base angle of a K-mirror for a given refractive index such that the accompanying polari-
zation changes are minimum. In contrast, we show in this paper that by optimizing the refractive index it is possible
to design a K-mirror at any given base angle and with any given value for the mean polarization change, including
near-zero values. Furthermore, we experimentally demonstrate a K-mirror with an order-of-magnitude lower mean
polarization change than that of the commercially available K-mirrors. This can have important practical implica-

tions for OAM-based applications that require precise wavefront rotation control.
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1. INTRODUCTION

Wavefront rotation plays a crucial role in measuring the orbital
angular momentum (OAM) of optical fields [1-3] as well of
single-photon fields [4-6]. Wavefront rotators are also indis-
pensable for many other applications, including interferometry
[7-9], beam steering [10], microscopy [11], optical astronomy
[12], pattern recognition [13], and holography [14]. Although
there exists a variety of wavefront rotators [5,15—17], the Dove
prism [15] and the K-mirror [5] are the most commonly used.

A Dove prism is a very easy-to-use commercially available
wavefront rotator and is made of a single glass element without
many controls. The absence of controls results in the angular
deviations of fields through the commercially available Dove
prisms being in tens of milli-radians, which makes them unsuit-
able for precision experiments [3,6]. On the other hand, a
K-mirror consists of three mirrors with independent controls,
which can be used for better alignment capabilities and thus for
minimizing the angular deviations to less than 200 p-radian
[18]. Consequently, K-mirrors have found use in vibrations
measurement of rotation objects [19,20], telescopic tracking
[21,22], spatial coherence measurement [23], and OAM spec-
trum measurement [3,6]. Nonetheless, both K-mirrors and
Dove prisms introduce polarization changes in the transmitting
field as a function of rotation, which limits their range of appli-
cability. A recent theoretical work has shown that it is possible
to optimize the base angle of a K-mirror for a given refractive
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index such that the accompanying polarization changes are
minimum [24]. However, no experimental demonstration of
such a K-mirror has been reported so far.

In this paper, we generalize the result reported in Ref. [24].
Using an optimization technique that is independent of the
input polarization, we show that it is possible to design a K-
mirror at any given base angle and with any given value for
the mean polarization change. Furthermore, we experimen-
tally demonstrate a K-mirror with an order-of-magnitude
lower mean polarization change than that of the commercially
available K-mirrors.

2. THEORY

This section is mostly based on the theoretical treatment given
in Ref. [24]. When an incident electric field E® goes through a
K-mirror with base angle 8, it undergoes three mirror reflections
as depicted in Fig. 1(a). Now, for E" = E;“i—i— E}“)AI, where
E jcn = cos ¥, and E}“ = sin Y;,e’%n are the incident electric
field components along x- and y- polarized directions, the inci-
dentstate of polarization can be expressed in terms of four Stokes
parameters: S(i)“ = |ch“|2 + |E}”|2, Sin = |ch“|2 - |E;“|2,
S = 2Re[E;“*E;"], and S = 2Im[E;"*E‘;"] [25]. We
can normalize the Stokes parameters and represent them as
Sin = Sin/Sin, §in = Sin/Sin, §in = §in/§in, and S = Sin/ i,
Therefore, the normalized Stokes parameters can be graphically
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represented as a point on the surface of the Poincaré sphere.
Figure 1(b) depicts a schematic of the Poincaré sphere, where
the black dot P, represents the vertically polarized incident
state. The transmitted field B = EY"x+ EJ"y at any
arbitrary rotation angle of the K-mirror ¢ can be written as
E° = Tim(@)E™, where Tim(@) is the transfer matrix for
the K-mirror at any arbitrary rotation angle ¢ and it can be
expressed as [24]

cos¢ —sin ¢ Tey O cos ¢ —sin ¢ d
sin¢ cos¢@ 0 Tlé\d sing cos¢ ’
(1)

Tkm (¢>)=[

where

. _sin(QiM1 —6y,) o sin(6,,, — Oy) " sin(6y,, — Oeys)
KM sin(6y,, +6,,) sin(6,, +6,,) sin(6,, +6,,) ’
(2

and

tan(b,,, —0,,,) tan(b,
X
tan(6,,, + 6y,,)

i gth) « tan(@iMa — '9EM3)

Tow = :
tan (QiMZ + QIMZ) tan(@ims + 9tM3)(
3

Here 6, =7/2 — (B+6i), 6y, =7/2 — (28 +64), and
Oins =7/2 — (B + 6in) are the angles of incidence on mir-
rors My, M, and Ms, respectively, as shown in Fig. 1(a). The
corresponding angles of transmission are given by 6y,,, 6,
and 6,,, and these can be written as 737 sin 0, = sin 6;,,,
narsin Oy, =sin6;,,, and 7,/ sin O = sin by, Here 7y is
the refractive index of the reflective coating of the mirror. 8 is the
base angle and 6, is the angle between the propagation direction
and the rotation axis. We note that the details of how the Fresnel
coefficients for each surface are calculated have been worked
out in Ref. [24

are considering a general reflective coating including a metallic

]. In this context, we further note that since we

coating, we take 7, to be a complex quantity. As a consequence,
the Fresnel coefficients as well as the transmission angles, which
are needed for calculating the Fresnel coefficients, are in general
complex quantities.

The Stokes parameters of the transmitted field E°** can be
written as (see Ref. [24] for the details of the calculations)

Sgut — |E;ut|2 + |E)C;ut|2
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S;)ut — 2Im|:Ezut* E}([)ut]

= (Im[YEM Tg,[] cos 8, cos 2¢p — Re[ Tenm TKA] sin Sin) sin 2,

— Im[TSKM Tg:,[] cos 2, sin 2¢.
(7)

The normalized Stokes parameters of the transmitted field are
glVCn by SOU( SOUY/SOUI SOUt SOLIt/SOut Sout SOL[[/SOUI’
and S5 = §5"/S¢. The blue line in Fig. 1(b) is a repre-
sentative plot of the normalized Stokes parameters of the
transmitted field as a function of the rotation angle from ¢ = 0°
to ¢ = 180°. The mean polarization change D due to rotation is
quantified as [24]

3 3 out
77 -1 cout Cin dS
g e [; 5 S’} §< )

D= = — ,
J ds I, (4s°‘lt)2d¢
8

where d is the geodesic distance between P, and the polari-
zation state P of the transmitted field at ¢, and ds is the
infinitesimal small arclength of the closed loop. The value of
D ranges from 0 to 7. D = 0 represents no polarization change
and D = 7 represents maximum polarization change.

In Ref. [24], D was minimized by optimizing the base angle
B for a given value of the refractive index 7,/ at three different
states of incident polarization. In contrast, in this paper, we
present an optimization technique that is independent of the
state of polarization. To this end, we define the quantity F as

T, )]

F =Ty —

which is a measure of the distance between the s - and p- compo-
nents of the transfer matrix shown in Eq. (1). We note thatin the
limit when F tends to zero, Txn(¢) becomes an identity matrix
I« and thus becomes independent of ¢. The values of 7237 and
B that minimize F also minimize D independent of the state of
the incident polarization.

[ | Tt + 1 T 1?4 cos 20n {1 T = 2 (I T |* — | Ty |*) cos 290}

+ 20 Tl sin® i — 2 (|1 T —

Sout |E0ut| |E]Out|2

| T3p ) cos 8y sin 24, sin 2¢] (4)

= é [2 (|TSKM|2 — |T£M|2) cos 2¢ + {|T§M|2 + |TI§M|2 + (ITEMI2 + |T§MI2) cos 4¢ +4Re[TSKM Tlf;[] sin? 2¢} cos 2Yrin

+ {—4Im[ Ty

Sgu( — 2Re [E(;u[* E;u[]

T ] sin 8y sin 2¢ + (| Teyl? + | T P —2Re[ TRy, Ty ]) cos 8i sin 46} sin 240, | (5)

- % [{|T;<M|2 1T +2Re[7§M 7§M] — (1Tl + 1 Ty 2 —2Re[7§MTIf;[] cos 4¢} cos 8iy sin 2
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o 1Bl = 2Re| Ty T ]) cos 2050 sin s | (6)
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(a) Schematic of the wavefront rotator, a K-mirror with base angle 8. (b) Poincaré sphere representation of the transmitted field as a func-

tion of the rotation angle ¢. The black dot P, represents the input state of polarization, also shown in the inset. The red dot P denotes the transmitted
state of polarization at rotation angle ¢, which ranges from 0° to 180°. The distance  is the geodesic distance between points P and P, on the surface

of the Poincaré sphere, and s is the infinitesimal small arc length.

e Target D=0.017

Fig. 2.  Plot of the numerically optimized Re[7,/] and Im[7,,] at
1008 values for the target D = 0.017 with a vertically polarized input
field.

Although it is desirable to optimize 8 and 7,/ such that F as
well as D are close to zero, it gets increasingly more difficult to
practically design the optimized refractive index 7, for target D
closer to zero. In such cases, one could optimize for a near-zero
target D value. So, next, we present our numerical calculations
to show that it is in principle possible to optimize 7, for any
given target D and base angle . Figure 2 represents the plot of
the numerically optimized Re[# /] and Im[7/] at 1000 values
of B for the target D = 0.01m with a vertically polarized input
field. For the results shown in Fig. 2, the optimization has been
carried out in the following manner. First, we choose a value of
B and then we create a meshgrid of Re[7,/] and Im[7n,/]. We
first work with a coarse meshgrid of Re[# /] and Im[7 /] to have
a rough estimate of the range of Re[7/] and Im[# /] and then
optimize with a finer meshgrid. For the results shown in Fig. 2,
we take the finer meshgrid of dimensions 400 x 2500, with
Re[7,/] ranging from 0 to 0.4 and Im[# /] ranging from 0 to
20. We calculate D for all possible pair of values of Re[7 ] and
Im[7 /] and keep the pair that gives D closest t0 0.017.

This way, one can always find a physical 7, for a given § and
target D. We note that using recently developed techniques
[26,27], itis in principle possible to design the reflective coating
of the mirrors with any refractive index value. However, it gets
increasingly more difficult to practically design 7 for target D
very close to zero.

We note that while it is always possible to obtain a physical
refractive index for a given f and target D, it is in general not
possible to find a physical B for an arbitrary 7,/ and target D.

Figure 3 shows the minimum achievable mean polarization

il 0.06m

0.04m

D,,n=0.0167 0.027
L]

Fig. 3. The minimum mean polarization change D,,, obtained
numerically by optimization over f as a function of 7. For a range of
n .y values, Dy, is less than 0.017r while for the other 7, values D,
is larger than 0.017. The yellow dot represents Dy, corresponding
to 7, =0.1568 + 3.8060;, the refractive index of the commonly
available silver coating.

change Dy, optimized over 8 for a range of refractive indices
np. For all the simulated points, the incident field has been kept
vertically polarized. We find that for a given 747, Dy cannot
go below a certain value. For illustrating this, we have plotted in
Fig. 3 the floor at Dy, = 0.017. We note that for a range of 72y,
Diyin is less than 0.017 while for the other values, Dy, is larger
than 0.017. The yellow dot represents Dy, corresponding to
ny = 0.1568 + 3.8060;, the refractive index of the commonly
available silver-coated mirror, in which case Dp,;, = 0.0167 and
the corresponding optimized f = 17.88°.

3. EXPERIMENTS

We next report experimental demonstration of a K-mirror
with refractive index 7, =0.1568 + 3.8060: for which the
optimized B = 17.88°. Figure 4 shows the design and the lay-
out of the housing of the K-mirror. We use three Thorlabs
protected silver flat mirrors, each with 1-inch diameter.
As shown in Figs. 1(a) and 4, mirrors M; and Mj are fixed
on the base of the housing with tip-tilt adjustments. The
housing is machine cut such that the base angle 8 is equal
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Fig.4. Design and layout of the K-mirror. (a) CAD drawing of the

side-view of the housing. The base of the housing is inclined atan angle
B =17.88° on both sides. (b) CAD drawing of another side-view of
the housing. (c) CAD drawing of the top-view of the housing.

He—Ne laser T

.
z
X - K-mirror ¢ ‘
‘i-—i-)- Y = -H
M . Power
P Q == Q P, meter

Fig.5. Schematic of the experimental setup for measuring transmit-
ted states of polarization using the home-built K-mirror at various rota-
tion angles ¢. M: mirror; P and P,: polarizers; Q; and Q,: quarter-
wave plates.

to 17.88° on both sides. The mirror M, is mounted on the
top plate of the housing with a push-pull screw for precise
height adjustments. The housing is rotated about an axis
parallel to the optical table using a ball-bearing support.
The dependence of the length L and height A on the base
angle B and clear aperture 4 is given by L =2hcotf and
H=(h/2)[1 + tan2B/tanf]. [24]. The overall dimension of
thehousingis L =154 mm x W=75mm x H =110 mm.
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Figure 5 depicts the experimental setup used for measuring
the Stokes parameters as a function of ¢ and thus the mean
polarization change D. We generate light fields with different
states of polarization using a 5 mW Newport He—Ne laser of
wavelength 633 nm. For generating linearly polarized light, we
keep polarizer P; in place, while for generating elliptically and
circularly polarized light fields, we introduce a quarter-wave
plate Qy, immediately after P, with its fast axis rotated at 72°
and 45° with respect to —x direction, respectively. The gen-
erated field then goes through the K-mirror. The rotation axis
of the K-mirror and the field propagation direction are made
collinear by a very careful alignment procedure. This is done
to ensure that the angular deviation of the transmitted beam is
minimum. The Stokes parameter of the transmitted field as a
function of ¢ is obtained using quarter-wave plate Q,, polarizer
P,,and aNewport 1830-R optical power meter [25].

Figures 6-8 present experimentally measured normalized
Stokes parameters of the transmitted field at different rotation
angles ¢ for vertically, elliptically, and circularly polarized inci-
dent fields, respectively. In each of the three figures, Subfigure
(a) plots the normalized Stokes parameters 9™, S9*, and S3*
as a function of ¢. The green, red, and blue solid lines represent
the theory, while the green dots, red diamonds, and blue down-
ward triangles represent the experimentally measured values.
Subfigure (b) in each of the three plots presents the Poincaré
sphere representation of the transmitted field as a function of ¢
ranging from 0° to 180°. The blue line and the red dotted curve
denote the theory and the experimentally measured values. The
black dot on the Poincaré sphere and the inset represent the
polarization state of the input field. The theoretically predicted
mean polarization change Dy, and the experimentally mea-
sured mean polarization change Dey, are indicated in each
Subfigure (b).

We note that the experimentally measured values of the mean
polarization change Dy, are larger than the theoretical values
Dy,. There are several reasons for this, including imperfect
alignment, machining error, and the text-book value of the
refractive index of the silver-coated mirror not being equal to
the refractive index of the mirrors used. Nonetheless, we find
that the major source of the error is the machining error for our
home-built K-mirror. Figures 9(a)-9(c) show the dependence of
D on the base angle 8 at 7,3, = 0.1568 + 3.8060: for vertical,
elliptical, and circular incident polarizations, respectively. In
each of the three plots, the corresponding D values have been
indicated in the figures at § =17.88°, B = (17.88 4+ 1)°, and
B =(17.88 4+ 2)°. We find that a machining error of 1° in

& (b) Dw=0.0157 I
B g g ] Doy =0.048
! —Theory $ _ — Theory S} _ —Theory s p
e Experiment S/ ¢ Experiment S} v Experiment S
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MRS BRI e g S e
& I

90

K-Mirror angle ¢ (in deg)

Fig. 6.

Experimentally measured normalized Stokes parameters of the transmitted field for a vertically polarized incident field. (a) Plots of 5o,

S5, and 85" as a function of ¢. (b) Poincaré sphere representation of the transmitted field as a function of ¢.
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Fig.8. Experimentally measured normalized Stokes parameters of the transmitted field for a circularly polarized incident field. (a) Plots of Soue,
S5, and S5 as a function of ¢. (b) Poincaré sphere representation of the transmitted field as a function of ¢.
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Fig.9. Dependence of D on the base angle B at 7, = 0.1568 + 3.8060: for three different states of polarization: (a) incident field with vertical
polarization, (b) incident field with elliptical polarization, and (c) incident field with circular polarization.
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causes about a factor of two increase in D from its minimum
value Dy, while a machining error of 2° causes about a factor
of four increase in D. Our K-mirror is home-built with a local
workshop facility, which had limited machining precisions.
Nonetheless, such machining error can be easily overcome with
commercial machining tools.

4. CONCLUSION

In conclusion, in this paper, we generalize the results reported in
Ref. [24] and use an optimization technique that is independent
of the state of polarization of the incident field. We have shown
that by optimizing the refractive index it is possible to design a
K-mirroratany given base angle and with any value for the mean
polarization change, including near-zero values. We have also

designed and experimentally demonstrated a K-mirror with an
order-of-magnitude lower mean polarization change than that
of the commercially available K-mirrors. This can have impor-
tant practical implications for OAM-based applications that
require precise wavefront rotation control without appreciable
change in the state of polarization.
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