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Polarization-preserving image rotator
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A K-mirror rotates the wavefront of an incident optical
field. However, the rotation always introduces polarization
changes in the transmitted field. This is a serious concern for
applications ranging from astronomical image derotation
to orbital angular momentum characterization in photonic
quantum technology. Recent efforts have provided ways to
minimize polarization changes, but these require either a
very small base angle that limits the field of view, or mir-
rors with a customized refractive index. Nonetheless, image
rotation without any associated polarization change has re-
mained an open problem. In this work, we show that placing
half-wave plates before and after a K-mirror and rotat-
ing them synchronously at half the K-mirror rotation angle
makes the polarization change in the transmitted field com-
pletely independent of the rotation angle. Using a K-mirror
with a base angle of 30°, which gives the largest field of
view among practical designs, we experimentally demon-
strate this, within the mean polarization error of ~1% caused
mostly by the retardance error of commercially available
half-wave plates. Our scheme works at any base angle and
mirror refractive index. More importantly, it works not only
for K-mirrors but also for any type of image rotator. Thus,
it can have important implications for applications requir-
ing precise wavefront rotation without polarization change.
© 2026 Optica Publishing Group. All rights, including for text and
data mining (TDM), Artificial Intelligence (Al) training, and similar
technologies, are reserved.
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Rotating the wavefront of an optical field is always accompa-
nied by polarization changes in the transmitted field [1,2]. This
is a fundamental challenge in applications ranging from astron-
omy to high-dimensional orbital angular momentum (OAM)
based quantum optics [3,4]. In astronomical telescopes, image
rotators are used as image derotators in alt-azimuth mounts to
counteract image rotation during sky tracking [5]. The rotation-
dependent polarization change affects polarimetric and corona-
graphic measurements [6—8]. In quantum optical experiments,
wavefront rotation is central to OAM spectrum characterization
via angular coherence measurement of optical fields, both at
the high-light [9—-12] and single-photon levels [3,13,14]. Any
rotation-induced polarization change directly compromises the
interferometric visibility and therefore the measurement fidelity
[4,14]. Apart from these applications, image rotators find use in
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a broad range of other optical systems, including interferometry
[15,16], microscopy [17], pattern recognition [18], and hologra-
phy [19]. Among the various devices used for wavefront rotation
[1,3,20], K-mirrors are most suitable [2,21]. They consist of
three mirrors with independent controls and can be aligned to
yield angular deviations of less than 200 microradians due to
rotation, which is an order of magnitude lower than what is
possible with other commercially available image rotators [21].

Efforts have been made to reduce the polarization change in-
duced by a rotating K-mirror from 30—-50% for a commercially
available K-mirror [2] to as low as 3—10% [22]. However, these
approaches have major limitations. With commercially available
mirror coatings, a near-zero polarization change requires a small
base angle of 17.88°, which significantly reduces the field of
view [22]. On the other hand, at the base angle of 30°, which
gives the largest field of view, mirrors with customized refractive
indices are required. Thus, currently, there is no viable scheme
for rotating a wavefront for which the associated polarization
change is completely independent of the rotation angle.

In this work, we show that placing half-wave plates (HWP)
before and after a K-mirror and rotating them synchronously at
half the K-mirror rotation angle makes the transmitted polariza-
tion state completely independent of the rotation angle. We refer
to this device as a polarization-preserving image rotator (PPIR).
We present a Jones matrix analysis that analytically establishes
this result. This scheme works for any base angle, mirror refrac-
tive index, or input state of polarization. We further show that
our scheme for achieving polarization-preserving image rotation
is universal and works not only for a K-mirror but also for any
other image rotator. We experimentally demonstrate this using
a home-built K-mirror with a base angle of 30°. This gives the
largest field of view among practical designs. For three different
input states of polarization, namely linear, elliptical, and circu-
lar, we report mean polarization errors of ~1%, caused mostly
by the retardance errors of the commercially available half-wave
plates.

Figure 1 shows the design of our PPIR device, which con-
sists of a K-mirror with two half-wave plates, HWP; and HWP,,
placed before and after it, respectively. All three components
are mounted on a common rotation stage driven by a stepper
motor, such that the HWPs rotate synchronously by 6/2 when
the K-mirror is rotated by 6. In order to analyze the transmit-
ted states of polarization, we use the Jones matrix formalism.
The incident electric field is written as E™ = E)icn X+ E;“ y, where

E" =cos y;, and E;,n =sin y;,e’%n. The Jones matrix of the
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Fig. 1. Three-dimensional model of the home-built polarization-
preserving image rotator (PPIR) device for wavefront rotation. It
consists of a K-mirror with two half-wave plates (HWP), HWP,
and HWP,, placed before and after the K-mirror, respectively. Both
HWPs and the K-mirror are mounted on a common rotation stage
driven by a stepper motor. The HWPs rotate at half the rotation angle
of the K-mirror. The inset shows the conceptual schematic.

K-mirror at rotation angle 6 as given in Ref. [2], is:

i cos? 0 + 1y sin? @ty — thyy) sin 6 cos 6
(fins —thng) sin@cos 0 By, cos? 0+t sin® 0|

1M

where 6 =0° is defined when all three mirrors of the K-mirror
are in the xz plane. 77\, and &, are the complex amplitude trans-
mission coefficients of the K-mirror for the s- and p-polarization
components, respectively; their explicit forms in terms of the
base angle g of the K-mirror and the refractive index n,, of the
mirror coating are given in Refs. [2,22]. For a half-wave plate
with retardance 7 + ¢, where ¢ is the retardance error, the Jones
matrix with the fast axis at angle 6/2 with respect to X can be
expressed as:

tem (0) =

2 € qin2 ie .
6 —e'“ sin” 0 (1+e )sm@cosﬂ
HWP (0)=| 5 ° :
(6) (1+e")sinﬁcosﬂ sin? 0 — €€ cos?
(2)

If the retardance errors of HWP; and HWP, are ¢, and ¢,,
respectively, the Jones matrix of the PPIR at rotation angle 6 can
be written as:

tppir (0) =HWPS? (0/2) x typy (0) xHWP(! (6/2).  (3)

The transmitted field E™' = E9™ %+ E9" y at any rotation

angle 6 of the PPIR is given by E° = tppz () E™. For ideal
half-wave plates, €| = €, =0, and Eq. (3) reduces to:

S O
tpprR (0) = [t%M tﬁM] ’ “

where fppr (6) is independent of 6, and thus the transmitted
state of polarization is completely independent of the rotation
angle. This holds for any base angle, any mirror refractive in-
dex, and any input state of polarization. From Eq. (4), we infer
that for a horizontally (H) polarized input state [l,O]T, the
transmitted states for any arbitrary 6 are [IIS<M, O]T, and for a ver-

tically (V) polarized input state [0, I]T, the transmitted states

T .. .
are [0,2,,] . Since 1§, and #§,, are just two complex numbers,
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Fig. 2. Numerically simulated plot of mean polarization errors D
in % as a function of the retardance errors ¢, and €, of HWP1 and
HWP2, respectively, for a linearly polarized input state. The yellow
dot marks the operating point corresponding to commercially avail-
able Thorlabs HWPs.
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Fig. 3. Schematic of the experimental setup to measure the
transmitted state of polarization at different rotation angles of the
polarization-preserving image rotator (PPIR) device. P, P,: polar-
izers; Q,, Q,: quarter-wave plates.

they have no effect on the polarization state, and thereby the
transmitted states are the same as the respective input states. We
note that for input states of polarization (SOP) other than these
two special cases, the transmitted SOP will not be the same as
the incident state. We further note that the above scheme is uni-
versal in the sense that it achieves polarization-preserving image
rotation not only for a K-mirror but also for any image rotator
(see Supplement 1).

The state of polarization of E™°™ can be uniquely

represented by four  Stokes  parameters: Sgl(out) _
|Em out)|2 + |E1n (out) |2 1n(ou |E;n(oul)|2 _ |E;)n(out)‘2, S12n(0ut) _

2Re [E;H(OUI)*E;H(OM) ]’ and S;n(out) =2Im [E)icn(out)*E)i)n(out)] [23]
Here * denotes the complex conjugation. For a state with degree
of polarization equal to 1, the normalized Stokes parameters
are: Siln(out) — Siln(out)/S(i)n(out)’ gizn(out) — Sizn(out)/sé)n(oul)’ and
S'i;(om) = gintoun /S(?(O“‘). These normalized Stokes parameters
(.S_'i]n(om) , .S_'izn(om) , .S_'gn(om) ) can be represented as a point on the
surface of the Poincaré sphere, where each point uniquely
represents a particular state of polarization.

Ideally, if the transmitted state is completely rotation-
independent, all states measured at rotation angles from 0° to
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Fig. 4. Poincaré sphere representation of the transmitted SOP at different rotation angles of the PPIR device for three different input states
of polarization: (a) linear, (c) elliptical, and (e) circular. The corresponding normalized Stokes parameters are shown in (b), (d), and (f),
respectively. In each case, the insets show a magnified view of the theoretically expected (green dots) and experimentally observed (loops

consisting of red dots) transmitted states of polarization.

360° map to a single point on the surface of the Poincaré sphere.
Otherwise, they form a loop, as shown in Ref. [2]. The smaller
the loop, the smaller the polarization change due to rotation. As
Eq. (4) shows, the Jones matrix of the PPIR has no 6 depen-
dence, and therefore the transmitted SOP maps to a single point
on the Poincaré sphere.

Inspired by the metric defined in Ref. [2], we define the mean
polarization error D as the mean geodesic distance on the surface
of the Poincaré sphere between the transmitted state of polariza-
tion at 8 = 0° and the transmitted SOP at all other rotation angles
0 of PPIR. We express D in percent form as:

2 - gout & dse 2
[yeos™ [E3, Spspo |y, (G ) ae

N E R (G ) ao

where S?“to, with i € {1, 2, 3} are the normalized Stokes pa-
rameters of the transmitted state of polarization at § = 0°. When

D= %, (5)

the transmitted SOPs are completely rotation-independent, they
map to a single point on the Poincaré sphere. In this case, Eq. (5)
takes the 0/0 form, and from continuity we define D as 0%. Here,
D = 0% represents SOP completely independent of rotation, and
D =100% corresponds to the maximum possible polarization
change due to rotation.

Figure 2 shows the plot of numerically simulated D as a func-
tion of the retardance errors €, and ¢, of HWP1 and HWP2,
respectively. Here, both €, and ¢, range from —0.1s to 0.1.
This shows D = 0% for €, = ¢, =0, and D increases as the retar-
dance errors increase, in a manner consistent with a parabolic
dependence on ¢, and ¢, near the origin. Although D =0 for
ideal HWPs (see Eq. (4)), we use Thorlabs (WPHSMO05-633)
HWPs, with a manufacturer-specified retardance error of €| =
€, =—0.0157. This leads to a theoretically expected D of 0.70%,
represented by the yellow dot in Fig. 2.

Figure 3 shows the experimental setup for measuring the
Stokes parameters of the transmitted SOP at different rotation
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angles @ of the PPIR and thereby for measuring D. A 5 mW
Newport He—Ne laser of wavelength 632.8 nm is sent through
a linear polarizer P to generate H-polarized light. We then in-
sert a quarter-wave plate Q; with its fast axis rotated at 24° and
45° to generate elliptically and circularly polarized input states,
respectively. We note that Q1 is placed close to the K-mirror
in order to minimize any reflection-related polarization changes
to the input field. In assembling our home-built PPIR, we use
Thorlabs 1 inch protected silver mirrors PF10-03-P0O1 and zero-
order half-wave plates WPHSMO05-633 as HWP; and HWP,.
The image rotator is aligned such that the angular deviation of
the light beam passing through it is less than a milliradian, which
also ensures that the light field is incident normally on the two
half-wave plates to within a milliradian. Using standard Stokes
parameter measurement via polarizer P,, quarter-wave plate 0,
and a power meter, we measure the transmitted SOP at different
rotation angles 0 of the PPIR.

Figure 4 presents the experimental results. The Poincaré
sphere representation of the experimentally measured transmit-
ted SOP for rotation angles 6 from 0° to 360° in steps of 1.8°
for a linearly polarized incident state of polarization is shown
in Fig. 4(a). The theoretical incident polarization state is de-
noted by a black dot on the Poincaré sphere. The experimentally
measured incident state of polarization is shown by the blue
dot. The theoretically predicted transmitted SOPs are shown by
the green dot, and the corresponding experimentally measured
SOPs are shown by the red loop. The inset shows a magni-
fied view of these loops. Figure 4(b) shows the theoretically
expected and experimentally measured normalized Stokes pa-
rameters: SO, 9, and S3™ as a function of 6§ for the same
linearly polarized input state. The corresponding plots for the
elliptically and circularly polarized incident SOP are shown in
Figs. 4(c)-4(f), respectively. The measured mean polarization
errors for linearly, elliptically, and circularly polarized input
states are 0.96%, 1.18%, and 1.01%, respectively, all consistent
with the theoretically predicted value of 0.70%.

In conclusion, we have proposed and demonstrated a
polarization-preserving image rotator (PPIR) that rotates a
wavefront while keeping the transmitted state of polarization
completely independent of the rotation angle. The PPIR con-
sists of a K-mirror placed between two HWPs, assembled such
that when the K-mirror is rotated by 6, the HWPs rotate by
0 /2. We have demonstrated that for protected silver mirror coat-
ing and a base angle of 30°, which gives the largest field of
view, the mean polarization error is only ~1% for linearly, el-
liptically, and circularly polarized input states. This is primarily
due to the retardance error of the commercially available HWPs,
with additional contributions from experimental imperfections
such as small misalignments and imperfect preparation of the
input polarization state. We have also shown that for H- and V-
polarized input states, the transmitted SOP not only remains the
same for all rotation angles but also coincides with the input state
of polarization, which could be very useful for interferometry-
based applications [4,14]. Furthermore, we have shown that our
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scheme is universal and that it works for any image rotator, not
just the K-mirror. Our work can have significant implications
for image derotation and orbital angular momentum-based high-
dimensional quantum information applications where achieving
wavefront rotation without polarization change is very crucial.
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