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Lateral Beam Shifts and Depolarization Upon Oblique
Reflection from Dielectric Mirrors

Yuzhe Xiao, Linipun Phuttitarn, Trent Michael Graham, Chenghao Wan, Mark Saffman,

and Mikhail A. Kats*

Dielectric mirrors comprising thin-film multilayers are widely used in optical
experiments because they can achieve substantially higher reflectance
compared to metal mirrors. Here, potential problems are investigated that can
arise when dielectric mirrors are used at oblique incidence, in particular for
focused beams. It is found that light beams reflected from dielectric mirrors
can experience lateral beam shifts, beam-shape distortion, and depolarization,
and these effects have a strong dependence on wavelength, incident angle,
and incident polarization. Because vendors of dielectric mirrors typically do
not share the particular layer structure of their products, several
dielectric-mirror stacks are designed and simulated, and then the lateral beam
shift from two commercial dielectric mirrors and one coated metal mirror is
also measured. This paper brings awareness of the tradeoffs between
dielectric mirrors and front-surface metal mirrors in certain optics
experiments, and it is suggested that vendors of dielectric mirrors provide
information about beam shifts, distortion, and depolarization when their

products are used at oblique incidence.

1. Introduction

Dielectric mirrors, comprising multilayers of different dielectric
materials, can achieve very high reflectance spanning some spec-
tral range, often much higher than the reflectance of conven-
tional metal mirrors.[!l However, because the reflectance of metal
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mirrors is usually a result of a single-
surface reflection, whereas dielectric
mirrors function on the principle of
thin-film interference, the reflectance of
dielectric mirrors can have a much larger
dependence on the angle of incidence.
In addition to potential reductions in
reflectance at some angles, beams re-
flected from a dielectric mirror may
also undergo lateral shifts, distortion,
and depolarization. In particular, the
lateral shift of beams reflected from
various photonic structures has been
an active research topic, and is regu-
larly seen in reflection from metallic
surfaces,!?] dielectric slabs,’! photonic
crystals,*l metal-dielectric multilayers, !
among others. At a single interface,
the lateral beam shift is known as
the Goos-Hinchen shift/®’] although
the term is also sometimes extended
to describe lateral shifts in the afore-
mentioned photonic  structures.>>®!

Despite the broad use of dielectric mirrors in optical setups,
their effects on the profile of the reflected beam have not been
widely appreciated. Although they may tailor mirror designs to
a particular application, most commercial vendors of dielectric
mirrors do not directly provide information about the angle- and
wavelength-dependent lateral shift, beam distortion, and depolar-
ization of their dielectric mirrors, and the precise layered designs
are typically trade secrets, so customers cannot perform their
own calculations. Indeed, the phenomena reported here were en-
countered unexpectedly during the assembly of a complex system
for optical control of atomic qubits®! and necessitated adjusting
the optical layout to minimize the polarization-dependent beam
shifts.

In this article, we provide an analysis of the lateral beam
shift, beam-shape distortion, and depolarization when light is
reflected from various dielectric mirrors at oblique incident an-
gles. We look at two examples: a linearly chirped Bragg mir-
ror, and a more-sophisticated dielectric mirror designed us-
ing thin-film optimization. We also experimentally demonstrate
these effects in two commercial dielectric mirrors. We hope
that this article can bring awareness to potential issues when
using dielectric mirrors at oblique incident angles and sug-
gest that vendors of dielectric mirrors provide detailed infor-
mation about the performance of their products at oblique
incidence.
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Figure 1. Lateral beam shift from a chirped Bragg mirror. a) Schematic of a chirped Bragg mirror designed for high reflectance from 0.7 to 1 um. The
mirror consists of 20 alternating quarter-wave layers of low (n; = 1.5) and high (n, = 2.5) index dielectrics, with a total thickness ~2 um. The mirror is
chirped such that the Bragg wavelength changes linearly from 0.6 to 1 um from the top to the bottom. Light with different wavelengths and for different
polarizations is reflected at different depths in the mirror, leading to wavelength- and polarization-dependent lateral beam shift at oblique incidence. b)

Reflection spectrum of the Bragg mirror in (a) for incidence angle of 0° and 30° (both p- and s-polarizations).

2. Results and Discussion

The most straightforward design of a dielectric mirror is a Bragg
mirror which consists of alternating quarter-wave layers of high-
and low-index dielectrics. Due to interference, the Bragg mirror
has a spectral range of high reflectance (“photonic band gap”)
determined by the index contrast,['"1% To increase the spectral
range, and thus make a broadband dielectric mirror, one can
chirp the Bragg grating such that the period varies gradually as a
function of depth.['!] This way, light at different wavelengths is re-
flected at different positions in the thin-film stack. One example
of a chirped Bragg grating is illustrated in Figure 1a, comprising
20 alternating layers of low- and high-index (1, = 1.5, n, = 2.5)
dielectrics with a total thickness of about 2 um. Thicknesses for
each layer are listed in Table A1 in the Appendix. For simplicity,

we assume no dispersion. In this mirror, the Bragg wavelength
gradually changes from 0.6 to 1 um from the top to the bottom
(schematics in Figure 1a), resulting in high reflectance for wave-
lengths from 0.7 to ~#1 um at normal incidence (Figure 1b).
When light is incident at an oblique angle on this chirped
Bragg mirror, the short-wavelength component will be reflected
from the top few layers with minimal lateral beam shift, while
the long-wavelength component can reach deeper into the mir-
ror and then emerges from the top surface of the mirror with
a considerable lateral shift (e.g., at 4, in Figure 1a). In addition
to the dependence on wavelength, the lateral beam shift also de-
pends on the polarization state of the incident light. When in-
cident at an oblique incident angle, the reflection coefficient for
p-polarized light is typically smaller than for s-polarized light, in
particular near the Brewster angle.'?] As illustrated in Figure 1a,
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Figure 2. Simulation of the lateral beam shift from a chirped Bragg mirror. a) Schematic of the numerical approach. b,c) Calculated reflected beam
profile for a Gaussian beam at an incident angle of 30° from the chirped Bragg mirror shown in Figure 1 at wavelengths of b) 700 and c) 1000 nm. (d,e)
Intensity distributions obtained via full-wave simulation of a Gaussian beam obliquely incident on the chirped Bragg mirror at wavelength of c¢) 700 and
d) 1000 nm. The chirped Bragg mirror region is outlined by the white-dashed lines.
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Figure 3. a,b) Polarization-dependent lateral beam shift and c,d) reflectance as a function of incident wavelength and angle, for a Gaussian beam and
the dielectric mirror shown in Figure 1. The incident Gaussian beam has a beam width (full width at half maximum) of ~3.5 um.

p-polarized light generally penetrates deeper into the mirror due
to the Brewster effect (i.e., due to lower interface reflectance)
and hence typically experiences a larger lateral beam shift than
s-polarized light. Note that this situation can sometimes be re-
versed with larger shifts for s-polarized light, as discussed later
in this article.

For a more quantitative picture of the lateral beam shift, we
calculated the reflection of a Gaussian beam at oblique inci-
dence from the dielectric mirror in Figure 1. As an illustration,
we first consider the easier-to-calculate 2D case, assuming the
Gaussian beam propagates in the x — z plane and is invariant
along the y axis. Later in the manuscript, we also analyze the
3D case, and the results are similar to the 2D case. The calcu-
lation is based on the plane-wave decomposition (“angular spec-
trum”) method,['*!*] where for each plane wave we calculate the
reflectance using the transfer-matrix method.'>! Because we can
decompose any incident light beam into s- and p-polarized com-
ponents, the process described below is performed individually
for s- or p-polarized monochromatic light.

The numerical approach for calculating the beam shift and
other effects given an arbitrary incident field E,, (x) defined
just above the surface of the mirror is schematically shown in
Figure 2a. We first calculate the angular spectrum of the inci-
dent beam, A,,(k,), where k, is the parallel component of the
wavevector, by taking a Fourier transform of E,, (x) over the spatial
coordinate:

0

Ain (kx) = / Ein (x) eikxx dX (1)
Ann. Phys. (Berlin) 2024, 2400028 2400028 (3 of 8)

The reflected angular spectrum, A ,(k,), is related to A,,(k,)
via the wavelength- and polarization-dependent Fresnel reflec-
tion coefficients of the dielectric mirror at various incident an-

gles, r(k,):
Auut (kx) = Ain (kx) r (kx) (2)

The angle of incidence 6 is related to the parallel wavevector as:
k, =k, sin(), where k, is the wavenumber in free space. Finally,
the reflected beam profile just above the mirror surface, E,(x),
is obtained by taking the inverse Fourier transform of A ,(k,):

<]

f Aout (kx) eiikxx dkx (3)

Eout (x) =

This approach is general and can be applied to any arbitrary in-
cident field. Let’s first consider the simplest case of a plane wave,
which has infinite spatial extent. The electric field for a plane
wave propagating along the x — z plane at an angle 0 with the
X axis is

Ein (X, Z) — 6iku sin(0)x+ik, cos(60)z (4)

The incident angular spectrum is simply a Dirac delta function
A, (k) = 8(k, — k, sin(9)), only containing the wave vector along
the propagation direction such that k, =k, sin(9). It follows
Equations (2) and (3) that the reflected beam will be the incident
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Figure 4. Simulated lateral shift and beam-shape distortion from a realistic dielectric mirror. a) Normal-incidence reflectance of a dielectric mirror
designed for 450 and 800 nm, based on 25 alternating layers of TiO, (high-index coating) and SiO, (low-index coating). Thicknesses for each layer are
listed in Table A2 in Appendix. b) Position-dependent intensity distributions for the incident and reflected beams for two polarizations, for an incident
Gaussian beam (6 = 45°) at A =678 nm with a beam width of 3.5 um. The polarization-dependent lateral shift and distortion are visible. c—f) Maps of
c,d) the beam shift 6x and e,f) reflectance R as a function of the incident angle and wavelength.

plane wave multiplied by a single Fresnel reflection coefficient
of the mirror r(k, sin(6)):

E

” (x; Z) =7 (kO sin (9)) eiko sin(0)x—ikq cos(6)z (5)

Because of the infinite spatial extent of the plane wave, there
can be no beam shift.

However, any real finite-sized beam includes wave vectors
along different directions (i.e., different values of k). These
wave vectors are reflected by the mirror with different reflec-
tion coefficients r(k,), which can result in lateral shifts and
beam-shape distortion depending on the response of the dielec-
tric mirror (i.e., how r changes vs the incident angle). These
effects become more pronounced for smaller (e.g., focused)
beams. In the following examples, we use a focused NIR Gaus-
sian beam with a beam size of a few um to illustrate these
effects.

Using Equations (1)—(3), we performed calculations for a
Gaussian beam with full width at half maximum beam width
of 3.5 um and incident angle of 30° at two different wave-
lengths of 700 and 1000 nm, corresponding to the left and right
edge of the spectral window of the dielectric mirror shown in
Figure 1. Note a Gaussian beam with a waist (w,) of 3.5 um
at a central wavelength of 700 nm in free space has a diver-
gence angle of § = A/(nw,) ~3.65°, corresponding to a numer-
ical aperture of #0.064. The calculation results are summarized
in Figure 2b,c. We also performed full-wave simulations using

Ann. Phys. (Berlin) 2024, 2400028 2400028 (4 of 8)

the finite-difference time-domain (FDTD) method (implemented
using Ansys Lumerical FDTD) to verify our calculation and to di-
rectly visualize the field profile inside the dielectric mirror. The
intensity distributions are summarized in Figure 2d,e. In the
FDTD simulations, the Gaussian beam is injected at the top sur-
face of the mirror at x = z = 0 pm and initially propagates along
the +z and +x direction.

At A =700 nm, light is efficiently reflected by the very top por-
tion of the mirror. Therefore, reflected beams for both p- and
s-polarizations almost overlap with the incident beam, showing
minimum lateral beam shift (Figure 2b), and the reflectance is
close to 1. The field profiles obtained via full-wave simulation
show that only the top portion of the dielectric mirror is excited
with the reflected beam centered around x = 0 ym for both po-
larizations (Figure 2d).

For 4 =1000 nm, the p-polarized light beam experiences a
lateral shift ~2 um, while the shift is much smaller (<0.5 um)
for s-polarization (Figure 2c). In addition, the peak intensity
of the p-polarized light beam is reduced by about 20% with a
slightly broadened beam size. Later, we calculated in Figure 3d
the reflectance for this case to be 86%. Therefore, most of the
drop in peak intensity is due to transmission while only a small
fraction (<25%) is due to broadening. The full-wave simulation
shows that almost the whole dielectric stack is excited by light
at 4 =1000 nm, resulting in a much larger lateral shift (~2 um)
for the p-polarized beam. In this case, the reflectance is slightly
lower for p-polarization (also as seen in Figure 2c, though the
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Figure 5. Simulated beam-shape distortion and polarization change of a focused circularly polarized Gaussian beam from the dielectric mirror shown in
Figure 4. The Gaussian beam at 678 nm is right circularly polarized (RCP) and incident at an angle of 45° (same as in Figure 4d). a,b): Intensity profile of
the incident and reflected Gaussian beam. Degree of circular polarization (DoCP) for the c) incident and d) reflected beam. The dotted circles in (c) and
(d) represent the contour line of 20% of the peak intensity of the beam. Note that the intensity and DoCP of the reflected beam is presented immediately

above the top surface of the mirror, with no additional propagation.

reflectance can be increased back up to ~1 by increasing the
thickness of the mirror and changing the “period” more grad-
ually.

We note that a considerable lateral shift only occurs at cer-
tain combinations of wavelength, incident angle and polarization
state. To quantify such effects, we calculate the lateral beam shift
6x (with respect to an incident beam centered at x = 0 ym) and
reflectance R as follows:

S5 %[ B ()
x=— (©)
./jooo |Eout (x)l dx

L B ()]

7
S, |Eyy ()| dx 4
Then we calculate the lateral shift and reflectance for all possi-
ble combinations of incident angle, wavelength, and polarization,
and summarize the results in Figure 3. Substantial beam shifts
can be observed for certain combinations of incident angle, wave-
length, and polarization. Note that the reflectance reduction for
the p-polarized light at long wavelengths (> 950 nm) and large
angles (6 > 40°) is due to the finite thickness of mirror.
The example shown in Figures 1-3 is based on a linearly
chirped Bragg mirror and assumes no dispersion for the di-
electric materials. To extend the discussion to realistic dielectric

Ann. Phys. (Berlin) 2024, 2400028 2400028 (5 of 8)

mirrors, we designed a mirror stack using the open design tool
from LightMachinery Inc,!'! consisting of 25 layers of TiO, and
SiO,, resulting in high normal-incidence reflectance from 450 to
800 nm (Figure 4a). Note that losses in these materials are negli-
gible in this wavelength range. The thicknesses for each layer are
listed in Table A2 of the Appendix.

Compared to the response of a linearly chirped Bragg mir-
ror (Figure 3), this dielectric mirror has many more modes
(Figure 4e,f), resulting in considerable beam shifts (Figure 4c,d).
As one example, in Figure 4b we show the calculated intensity
profiles for reflected s- and p-polarized beams for A =678 nm and
6 =45°. Both polarizations show considerable lateral beam shift;
especially, a lateral beam shift larger than the beamwidth is ob-
served for the s-polarization. In addition to the lateral beam shift,
s-polarized beam also exhibits considerable beam-shape distor-
tion: it is no longer a simple Gaussian beam (Figure 4b, orange
curve).

Note that, in general, we expect p-polarized light to penetrate
deeper into the thin-film stack due to the Brewster effect, there-
fore resulting in a larger lateral shift (as shown in Figure 1a). This
argument applies to conditions where there are no resonance
modes. At resonance, light effectively bounces multiple times in-
side the dielectric mirror, which leads to enhancement of the lat-
eral beam shift. The enhancement factor is related to the sharp-
ness of the resonance. As seen in Figure 4(e,f), the resonance
modes of a complex thin-film assembly tend to be sharper for

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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Figure 6. Experimental measurements of lateral beam shift from commercial mirrors. a) Schematic of the experimental setup. Linearly polarized light is
focused on the mirror, and the lateral beam shift is measured. The inset shows the spots on the beam profiler, for p-polarization (blue) and s-polarization
(red). b) Measured relative lateral beam shift as a function of the angle of polarization; “relative” means that we plot the beam shift with respect to the
beam position for p-polarized input. Dotted lines are the sinusoidal fits of the experiment data. We measured two commercial NIR broadband dielectric
mirrors (Thorlabs BB05-e03 and New Focus 5102) and one coated metal mirror (Newport 5153 silver mirror). The incident light is a focused Gaussian

beam A =1040 nm, a beam size of 18 um, and an incident angle of 45°.

s-polarized light due to stronger interface reflections, and in the
vicinity of these modes the lateral shift for s-polarized light can be
significantly larger than for p-polarized light (Figure 4c,d). This
phenomenon can also be seen in Figure 3a,b.

The situation can become more complicated for a light beam
with a polarization state other than s or p. As an illustration, we
show in Figure 5 the simulation results for the reflection of a
right-circularly-polarized (RCP) focused Gaussian beam from the
dielectric mirror discussed in Figure 4. The incident beam is at
A =678 nm and incident angle 8 = 45°, which is the same sce-
nario as in Figure 4D, though now we switch to full 3D calcula-
tions. As shown in Figure 5a,b, the reflected beam is stretched
due to the different lateral shifts between p- and s-polarized com-
ponents of the electric field.

To quantify the depolarization upon reflection, we plot the de-
gree of circular polarization (DoCP) for the incident and reflected
beams in Figure 5c¢,d. DoCP is related to the Stokes parameters,
S, and S, of the electric field as:(*’]

S, 2E.E;sinA
DoCP=— = ————— (8)
S, E+E

where E, and E, are the amplitude of the electric field po-
larized along x (here corresponds to p-polarization) and y (here
corresponds to s-polarization), and A is the phase difference be-
tween E, and E,. The incident beam is RCP, with DoCP = 1 ev-
erywhere. Due to the polarization-dependent response of the di-
electric mirror, the polarization of the reflected beam is modified
significantly and has position-dependent DoCP across the beam.
For the reflected beam in Figure 5, the distribution of the DoCP
value mostly follows the distribution of the phase difference A.
In particular, A approaches r at the center of the reflected beam,
leading to a close-to-zero value of DoCP (Figure A2).

We measured the lateral beam shift from two commercial
broadband dielectric mirrors (Thorlabs BB05-e03 and New Fo-
cus 5102) and one silver mirror with a protective dielectric coat-
ing (Newport 5153). The schematic of the experimental setup is

Ann. Phys. (Berlin) 2024, 2400028 2400028 (6 of 8)

shown in Figure 6a. Incident light from a 1040 nm continuous-
wave laser (Time-Base ECQDL-200F) is linearly polarized using
a polarized beam splitter and then focused down to a beam size
of ~#18 um onto the mirrors with an incident angle of 45°. We
varied the polarization angle of the incident light by rotating a
half-wave plate. The mirror is mounted on a rear-loaded mirror
mount where the mirror is inserted from the back and the mir-
ror reflective surface is pushed against the mounting stop sur-
face. This mounting mechanism allows the reflective surfaces of
different mirrors to be fixed against the same stop surface re-
gardless of the mirror thickness and enables the mirror to be
switched without affecting the focus. The beam reflected from
the mirror is then magnified eight times onto the beam profiler
(WinCamD-XHR) using 40 and 500 mm lenses, with the final
beam size of %220 um. For each polarization setting, the result
was measured 1000 times and averaged. The lateral beam shift is
then determined by the shift relative to the position of the beam
for p-polarization, which is shown in Figure 6b for three mirrors
as a function of polarization angle. The Newport 5153 metal mir-
ror produced the smallest lateral shift compared to the dielectric
mirrors, though note that the protective coating on the mirror
likely increases the lateral shift beyond that of an unprotected
metallic mirror. Comparing the two dielectric mirrors, Thorlabs
BB05-e03 has a lateral shift 3.2 times larger than that of the New
Focus 5102 mirror. Since the layer designs are not provided by
the manufacturers, we were not able to simulate the beam shifts
for these three specific mirrors.

Note that the lateral beam shift seems to not depend much on
the size of the incident beam (Figure Al in the Appendix). At the
same time, for wider beams, the beam shift can effectively be-
come negligible, thereby reducing the beam-shape distortion. At
visible and NIR frequencies, these effects can usually be safely
ignored for light beams wider than hundreds of microns. On
the other hand, for tightly focused light beams at oblique inci-
dence, we recommend either using an uncoated front-surface
metal mirror, or confirming beforehand that the dielectric mir-
ror will not lead to issues at the particular wavelength and
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Table A1. Thickness of the 20 quarter-wave layers in the dielectric mirror in Figure 1a. The odd-number layers have a refractive index of 1.5 and even-

number layers have refractive index of 2.5.

Layer # 1 2 3 4 5 6 7 8 9 10
Thickness [nm] 100.0 60.0 107.4 64.4 114.8 68.9 122.2 733 129.6 77.7
Layer # 11 12 13 14 15 16 17 18 19 20
Thickness [nm] 137.0 82.2 144.4 86.7 151.2 91.1 159.3 95.6 166.7 100.0

incidence angle of a given experiment. Dielectric mirrors typi-
cally have a higher damage threshold than metallic mirrors, so
dielectric mirrors are often used for high-energy laser pulses.
One needs to be even more careful when using dielectric mir-
rors at oblique incidence for these short pulses, which are in-
herently broadband, and the response of dielectric mirrors varies
for each frequency component. The analysis presented in Equa-
tions (1)—(3) explicitly pertains to single-frequency continuous-
wave scenarios. To examine the reflection of pulsed laser beams
from dielectric mirrors, it is necessary to account for compo-
nents comprising the pulse for different incident angles and dif-

Table A2. Thickness of the 25 layers in the dielectric mirror in Figure 3a.
The odd-number layers are TiO, and even-number layers are SiO,.

Layer # 1 2 3 4 5 6 7 8 9

Thickness [nm] 91.1 83.0 749 641 459 60.1 695 729 689

Layer # 14 15 16 17 18 19 20 21 22
Thickness [nm] 81.0 1053 87.1 79.0 844 999 87.1 79.7 8&5.1
Layer # 10 11 12 13 23 24 25

Thickness [nm] 60.1 50.0 64.8 722 2545 830.2 1371.6

ferent frequencies, which are reflected from the mirror with cor-
responding angle- and frequency-dependent reflectance coefhi-
cients. We do note that depolarization may occur even for wider
beams due to a polarization-dependent reflectance (both ampli-
tude and phase).

3. Conclusions

To conclude, we found that the use of dielectric mirrors for fo-
cused light at oblique incidence can result in substantial lateral
beam shifts (as large as ~10 pum for typical NIR mirrors), beam-
shape distortion, and depolarization. These effects are not well-
known, and cannot be easily simulated for commercial dielectric
mirrors, because specific thin-film layer structures are typically
trade secrets. We recommend that vendors make prospective end
users aware of the risks of dielectric mirrors at oblique incidence,
and provide additional details about their performance, such as
maps of lateral shifts as a function of the wavelength and angle
of incidence for each of their products.

Appendix

See Tables A1, A2 and Figures AT, A2.
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Figure A1. Calculated reflected beam profiles for different-sized Gaussian beams. All calculations are performed for wavelength of 679 nm and incident
angle of 45° onto the dielectric mirror in Figure 4. a—c) Intensity of the incident and reflected beams just above the surface of the mirror as a function of
the lateral position. a) Replica of Figure 4b. b,c) Calculation results for a Gaussian beam that is b) 10 and c) 100 times larger than the Gaussian beam
in (a). The absolute values of the lateral beam shift are similar in all three cases.
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Figure A2. Calculated E,, E,, and A for the reflected beam in Figure 5. The distribution of the DoCP value (Figure 5d) mostly follows the distribution of

the phase difference A (c).
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