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The reflectivity of light generally decreases with decreasing
angle of incidence, meaning that light loss due to reflectivity
is minimized for the planar side of the lens facing upstream
when collimating a point-source of light, and the opposite ori-
entationwhen using the lens to refocus a collimated beam [13].
Light loss can also be reduced, of course, by coating the optical
elements with anti-reflective (AR) coating, but here the orient-
ation of the collection lens matters as well.

Very accurate polarimetry requires that changes in the
polarization state of the light due to reflection and refraction
at the collection lens surfaces be taken into account. Here,
one might again think that the flat side of the collimation
lens should face the source. This seems reasonable; Fresnel’s
equations tell us that the difference in reflectance and transmis-
sion for both the ordinary and extraordinary rays is minimized
as the angle of incidence approaches zero.

These questions become increasingly important as the
source intensity grows dimmer and/or polarimetric accur-
acy requirements become more stringent. To our knowledge,
collection lens orientation and the effects of reflection and
refraction on light transmission and polarization by a plano-
convex lens, as they relate to photon counting and polarimetry
experiments (as opposed to image formation) have not been
addressed in the literature. In this paper, we present a quant-
itative analysis of these issues for application to the AESOP
optical test polarimeter we have built at the University of Neb-
raska [7]. This device has a design accuracy goal of 0.1%
of the polarization being measured. To do this, we simulate
a point source/lens/polarimeter optical train using the pro-
prietary software TracePro®. We consider a single, relatively
large (2-inches diameter) plano-convex glass collection lens
because of the general need, in a count-limited experiment, to
maximize the light-gathering power of the system. Applicab-
ility of our findings to the requirements of very-high-accuracy
optical polarimetry with dim light are discussed.

2. TracePro® simulations

The basic optical train used for these simulations, typical of
the optical components used in an atomic fluorescence exper-
iment, is shown in the left panel of figure 1. It consists of a
point-source of light, a plano-convex collimating collection
lens, a quarter-wave retarder (or ‘analyzing retarder’), a lin-
ear polarizer (‘analyzing polarizer’), and an opaque beam-
stop used to collect the rays, and which effectively serves
as the photodetector. The lenses in all simulations were one
focal length away from the point-source, and all had a 2-
inch diameter and 1.6-inch clear aperture (as does the AESOP
optical polarimeter), defined by a geometric stop immediately
upstream of the lens. Depending on which face of the lens was
upstream, we adjusted the distance between the lens and the
point source to optimize the parallelism of the rays transmitted
by the lens. The designated focal length of the lenswas determ-
ined by the ‘lens-makers’ equation [13]. The retarder and the
polarizer were used to measure the polarization state of the
light using the fast Fourier transform (FFT) analysis described
in [12].

Unless noted, our simulations assumed that we were
observing the Ne 3s3P2–3p3D3 640-nm transition, a standard
used in optical electron polarimetry [8]. The simulated lens
is made of N-BK7 glass and can be bare or AR coated with
MgF2. We assume that the reflected and transmitted rays of
light obey Fresnel’s equations [14] for an air/N-BK7 interface
with or without AR coating. Special attention was given to the
analyzing retarder in these simulations since it is this compon-
ent that rotates about the transmission axis while the analyzing
polarizer stays fixed during a polarization measurement [12].
Thus, when considering the Fresnel-induced polarization of
the light transmitted through the lens, which will be manipu-
lated further by the retarder, we must consider retarders that
are not ideal, either because their fast axis has an ill-defined or
spatially-variable angular orientation, or because the retard-
ance varies across the clear aperture.

TracePro® can generate maps of the Stokes parameters of
light incident upon a surface and can calculate the total trans-
mitted intensity of the light through any particular optic. An
opaque beam-stop was used to ‘collect’ the rays and gener-
ate these maps with a 0.508-mm resolution. Approximately
50 000 rays of light comprise the beam cross-sections.

Our simulations were conducted to provide feedback for
the design and characterization of the AESOP high-accuracy
optical test polarimeter, a photograph of which is shown in
the right panel of figure 1. The point-source of the simulated
optical train, discussed above, mimics polarized fluorescent
light emitted by a small, well-defined atomic target. The sim-
ulated analyzing retarder, analyzing polarizer, and detection
screen have physical counterparts shown as group 3 in the
photo.

3. Results

3.1. Light scattering

In a count-rate limited experiment all photons are precious, so
we initially consider how to minimize photon scattering due
to reflection. Using first a simplified optical train comprising
only a point-source, collection lens, and beam-stop, the per-
cent of scattered light is measured for 2-inch diameter lenses
with a range of focal lengths, both with and without an AR
coating, and oriented with the planar and then the curved side
upstream. Here, scattered light is defined as the missing frac-
tion of power incident upon the lens that was not subsequently
incident upon the beam-stop. Our simulations show that as the
radius of curvature of an uncoated lens was increased from
35 mm to 300 mm, corresponding to a focal length range from
68 mm to 583 mm, the fraction of the incident scattered light
varied from 8.9% to 8.3% with the curved surface of the lens
facing upstream, and from 8.6% to 8.3% with the planar sur-
face upstream. This variation is simply due to the fact that
lenses with shorter focal lengths are struck by light beams
with larger average angles of incidence, which are more effi-
ciently reflected. Unsurprisingly, the situation is significantly
improved when the lens is AR coated with total incident light
scattering varying between 3.7% for the shortest focal lengths
and 2.9% for the longest ones. Consistent with conventional
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Figure 1. The simulated optical train (left), with the light rays shown in red and optical components in green including: (1) the point-source,
(2) collimating collection lens, (3) analyzing retarder, (4) analyzing polarizer, and (5) opaque beam stop/detection screen. Photo of the
AESOP high-accuracy test polarimeter (right) showing: (1) 640-nm diode laser, (2) beam expander and polarization-defining optics, and (3)
polarimeter. Label (3) in the photo corresponds to simulated elements (3) through (5) in the left panel.

wisdom, the AR-coated lens oriented with the planar side
upstream (toward the point-source) scatters the least amount
of light, although this effect is not large.

3.2. Fresnel-induced polarization

We now address an issue of more importance for high-
accuracy polarimetry that is the main focus of this paper:
Fresnel-induced changes to the polarization state of the light
transmitted by the collimating lens. For a point-source produ-
cing unpolarized light, figure 2 shows the typical linear Stokes
polarization parameters, P1 and P2, of the beam in cross-
section for the collimated light immediately after passing
through the lens. The direction of propagation is into the page.
The lens used in this simulation was AR coated, oriented with
the planar side upstream, and had a focal length of 155 mm,
though the data in figure 2 is generally representative of unpo-
larized light passing through any collimating lens.

Figure 2 shows that the light is no longer unpolarized after
passing through the lens; a small contaminant polarization is
now present. The Stokes polarization parameter P1 character-
izes the linear polarization fraction referenced along the hori-
zontal and vertical (x- and y-axes in figure 1), while P2 cor-
responds to the linear polarization fraction referenced along
the directions canted 45◦ and 135◦ from the horizontal [12].
Figures 2(b) and (c) show that after passing through the lens,
the beam becomes linearly polarized with a radial polariza-
tion direction. The circular polarization fraction P3 is exactly
zero across the entire cross-section, as required by symmetry.
Figure 2(d) shows the total degree of polarization of the beam,
Ptot, in cross-section, where:

Ptot =
√
P2
1 +P2

2 +P2
3, (1)

and increases with radial distance from the principal axis. The
induced polarization was confirmed to be perfectly radial by
inserting a simulated perfect linear polarizer between the lens
and the beam-stop and observing that the transmitted total
intensity was constant as the polarizer rotated in a plane per-
pendicular to the beam axis.

This radial contaminant polarization is potentially problem-
atic for anyone interested in high-accuracy polarimetry, as the
collimating lens has changed the polarization of the light to

be measured. Such effects are equally if not more problem-
atic for polarization-aided imaging technologies [15, 16]. One
solution to reduce, at least in part, the amount of contamin-
ant polarization is to pass the beam through an iris before it
reaches the analyzing optics. Since the degree of polarization
increases with radial distance from the center of the beam, one
could, at the expense of signal strength, tune out the amount of
contaminated light present in the beam by selecting the radius
of the iris. To this end, we have plotted Ptot as a function of dis-
tance from the center of the beam cross-section, that is, along
the black line in figure 2(d). Figure 3 shows these plots for the
AR coated plano-convex lenses oriented with both the planar
and curved faces upstream.

Figure 3 indicates that the contaminant polarization
increases with distance from the beam center and, for a partic-
ular focal length, is larger when the light is incident upon the
curved side of the lens compared to the planar side. Both of
these results are explained by the fact that the Fresnel-induced
polarization increases with increasing angle of incidence upon
the lens surface. Thus, we are faced with the following conun-
drum: while using a lens with a smaller f -number allows us to
capture more light, it also introduces more contaminant polar-
ization. It is therefore important to quantify how the Fresnel-
induced polarization would affect high-accuracy polarimetry
measurements.

Stokes polarization parameters of a beam of light are typ-
ically measured by passing it through a retarder followed by a
linear polarizer [12]. The angular position of the polarizer is
usually fixed, and the retarder rotates in a plane perpendicular
to the beam axis. A FFT of the transmitted intensity as a func-
tion of the angular coordinate of the fast axis of the retarder
allows one to calculate the relative Stokes parameters of the
light.

As seen from figure 2, the Fresnel-induced polarization
is linear and oriented radially when it strikes the retarder.
Thus, the light’s linear polarization vector will make an angle
with the retarder’s fast axis that varies azimuthally within the
beam. As a result, the Fresnel-induced polarization altered by
the retarder continuously changes from radial linear to circu-
lar (ignoring handedness), with an angular periodicity of 90◦

around the beam cross-section. As the retarder rotates, chan-
ging the relative angle between its fast axis and the pass axis
of the downstream polarizer, the beam intensity at a fixed
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Figure 2. Stokes parameters of the beam in cross-section after passing through the collimating lens. The incident light was initially
unpolarized. (a) Beam cross-section of P0 (intensity), (b) beam cross-section of P1, (c) beam cross-section of P2, and (d) beam cross-section
of the degree of polarization, Ptot. By symmetry, the value of P3 is identically zero across the entire cross-section and thus is not shown.

Figure 3. Degree of Fresnel-induced polarization, Ptot, as a function
of distance from the center of the beam (i.e. along the black line in
figure 2(d)) for focal lengths f = 68 mm (black), f = 97 mm (red),
and f = 583 mm (blue). The curves for the 583-mm focal length
have been multiplied by a factor of 20. The solid lines correspond to
the planar side of the lens facing upstream, while the dashed lines
are for the curved side facing upstream.

azimuth will vary downstream of the polarizer, which can,
in the case of imperfect analyzing optics, result in a change
in the overall transmitted intensity and thus the calculated
polarization.

To illustrate this, we first examine, in cross-section, the
changes in the beam’s intensity after passing through the

Figure 4. Percentage change in intensity of the beam over its
cross-section at the beam-stop when the retarder rotates through
45◦.

polarizer as a function of the angular position of the rotating
retarder. Again, since the point-source produces unpolarized
light, one would expect that in the absence of the Fresnel-
induced polarization caused by the lens, the intensity reach-
ing the beam-stop would be constant as the retarder rotates.
Figure 4 shows the Fresnel-induced intensity change as the
retarder rotates through 45◦. The intensity of the beam can
change locally by over 0.2%.

These simulations have the advantage that we can ana-
lyze the spatial properties of the beam in cross-section. In
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FFT polarimetry, however, one measures the integrated beam
intensity. When integrating over the entire beam cross-section
in figure 4, which was generated using a perfect lens and
polarization optics, the net change in intensity of the beam is
found to be zero, as required by symmetry. Thus, as long as
one considers perfect optical components and a perfectly iso-
tropic point-source, one would not be able to detect the pres-
ence of Fresnel-induced polarization by rotating the analyzing
retarder, and thus a polarimetric measurement using such com-
ponents would not deviate from the expected value.

3.3. The effect of less-than-ideal optics

However, the optical components used in real experiments are
not perfect. If, for example, the lens deviates from spherical
symmetry, the retarder has a fast axis with a varying angu-
lar orientation or a non-uniform retardance across the clear
aperture, or the polarizer has a less-than-perfectly-defined pass
axis, the change-in-intensity map in figure 4 would no longer
be symmetric, and an overall change in intensity could be
detected as the analyzing retarder rotates. Additionally, an
atomic point-source generally emits polarized light of vary-
ing intensity across the solid angle subtended by the collec-
tion lens. All of these factors can lead to asymmetry in maps
like that shown in figure 4, with attendant variations in total
integrated intensity as the retarder is rotated.

While there are many factors that may cause the Fresnel-
induced FFT polarization result to be non-zero (assuming
an isotropic, unpolarized source), we focus on the analyz-
ing retarder. Concurrent work with the AESOP high-accuracy
polarimeter shown in figure 1 reveals that the uncertainty in
the optical characteristics of the analyzing retarder is one of
the largest contributors to overall uncertainty in a polarimetric
measurement [7]. Additionally, Trantham et al have recently
shown that imperfections in the lens can also contribute to
errors in polarimetric measurements [9].

For this analysis, we constructed within TracePro® several
analyzing retarders that deviate from perfection in different
ways. One of the retarders comprised 16 domains of vary-
ing retardance with an average and standard deviation (88.95◦

(1.49◦)) comparable to the retarder we use in the AESOP
polarimeter. A 2nd device had a fixed retardance but each of
its domains had a differently oriented fast axis, with these ori-
entations being distributed with a standard deviation compar-
able the uncertainty in the orientation of the fast axis used by
the AESOP retarder (2◦) [17]. A 3rd retarder was designed
to simulate a sheet made of long polymer chains sandwiched
between glass. Rather than the fast axis position being ran-
dom across the area of the retarder, it changed continuously,
as if the long polymer chains were bending smoothly across
the clear aperture. From one edge of the retarder to the other,
the angular position of the fast axis could change by up to 90◦,
with a 5◦ variation illustrated in figure 5. The fast axis ori-
entation was a function of the horizontal Cartesian coordin-
ate only. The retardance of this retarder was taken to be 90◦

everywhere.
With these imperfect analyzing retarders in the optical train

shown in figure 1, we simulated polarimetry measurements

Figure 5. An illustration of the third imperfect analyzing retarder
used in the simulations. The fast axis orientation of this retarder
continuously changed across its area such that the angle between the
fast axis on one side compared to the other was 5◦. The angle in the
figure is exaggerated.

on isotropically-emitted light produced by a point-source. The
focal length of the collimating lens was 155 mm. We calcu-
lated the integrated intensity of the beam at the beam-stop
(simulating the signal detected by an actual photodetector) for
various angular positions of the analyzing retarder. Then, with
transmitted total intensity as a function of the retarder angular
position, we determined the relative Stokes parameters of the
light using the FFT method [12].

When the point-source produced unpolarized light (relative
Stokes parameters P1 = P2 = P3 = 0), the measured Stokes
parameters do not deviate significantly from their expected
null values. Even with a retarder with a 90◦ variation in the
fast axis orientation (which is unrealistically bad), rather than
the 5◦ indicated in figure 5, the measured Stokes parameters
of the unpolarized light were on the order of 10−7. These res-
ults are not a surprise when one considers carefully the data in
figures 2(d), 3, and 4. The degree of polarization induced by
reflection and refraction is quite small (less than 0.035 even
for the most severely curved lens), and the analyzing retarder
affects only the polarized component of the light. Thus, when
the light is unpolarized, the Fresnel-induced polarization is
small enough in magnitude that there is not a significant effect
on polarimetric measurements.

Having said this, one rarely makes polarization meas-
urements of unpolarized light. We now consider a highly-
polarized atomic fluorescence point source, corresponding
to the Ne 3s3P2–3p3D3 640-nm transition, that is com-
pletely horizontally (x-axis), linearly polarized light (P1 = 1,
P2 = P3 = 0). The intensity of the light emitted by the point-
source was still uniform along the y-axis, but decreased in
either direction from the point source along the x-axis, in an
approximation of the sin2ϑ fluorescence emission distribution
associated with fully-horizontally-polarized p→ s transitions
[18]. The intensity of the light as it was incident upon the clear
aperture of the lens is shown in figure 6. The coordinate (0, 0)
in figure 6 is the center of the lens while the propagation dir-
ection of the light is into the plane of the figure. For the simu-
lations, the intensity on the left and ride sides of the beam was
90% of the intensity in the central bright strip in an approxim-
ation of the sin2ϑ fluorescence emission distribution.

Again, polarimetry is performed using the FFT method
using retarders similar to that shown in figure 5 with pro-
gressively larger angular deviations. The measured values of
P1 for these retarders is shown in figure 7. When the angular
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Figure 6. A map of intensity incident upon the collection lens for
the simulated, fully linearly-polarized Ne 640-nm p→ s
fluorescence. The difference in intensity between the sides and the
middle portions of the beam has been exaggerated for the sake of
clarity.

Figure 7. Measured P1 for the simulated fluorescent light as a
function of progressively worse angular spread in the fast axis of the
analyzing retarder using a plano-convex lens of focal length
155 mm with its flat surface facing upstream.

spread of the fast axis is 1◦, the FFT approach (which can-
not account for angular variation of the fast axis) returns an
unphysical P1 of 1.002. By the time we reach a maximum
angular deviation in the fast axis of 4◦, we find that the dif-
ference between the measured value of P1 and the expected
value is greater than 1%—a threshold we deem unacceptable
for accuracy requirements at the 0.1% level such as those of
the AESOP polarimeter.

The data in figure 7 is for the lens oriented with the planar
side upstream. Similar polarimetric simulations for the curved
side of the lens facing upstream results in changes of P1

essentially identical to those shown in figure 7, but varying

Figure 8. Measured Stokes parameters for the simulated Ar 2p9
811-nm polarimetric transition as a function of progressively worse
angular spread in the fast axis of the analyzing retarder using a
plano-convex lens of focal length 155 mm with flat surface facing
upstream.

from them by about one part in 104, easily detectable by the
AESOP polarimeter [7].

We now investigate the polarimetry of non-linearly polar-
ized light and find similar errors in the measured Stokes para-
meters. For this investigation, we modify our source light to
simulate another important case related to AESOP involving a
different fluorescent wavelength. From [8], we have:

P3 = γ (1+βP1)Pe ≡ APe. (2)

At threshold, where this equation holds strictly, for an Ar tar-
get and monitoring the 811-nm 2p9 polarimetry transition,
A = 0.7317. Since γ = 2/3 and β = 2/9 for Ar, this means
that P1 = 0.439 (the value of P2 = 0 at threshold). The Con-
tinuous Electron Beam Accelerator Facility (CEBAF) usually
runs with a Pe of∼0.86 [19], so P3 = 0.629. Thus, accounting
for the sin2ϑ fluorescence emission by attenuating the right
and left sides of the beam by 0.7% (similar to figure 6), we
repeat the simulations for a 155-mm focal length collection
lens. As before, the angular spread of the fast axis of the ana-
lyzing retarder is gradually increased. The results of the sim-
ulations are shown in figure 8.

Again, we see that by the time we reach an angular spread
of 4◦ in the fast axis of the analyzing retarder, the error in the
measured Stokes parameters becomes unacceptably large—
about 1.2% in P1. We note that P2, which is supposed to
be identically zero, is an easily measurable −5.8%. This is
important because P2 for this transition provides a null test
to determine the validity of equation (2) [8]. We see from the
results of the simulated fluorescence polarimetry that when the
light is not initially unpolarized, the effects of the Fresnel-
induced polarization by the lens and the imperfect analyz-
ing optics are much more significant. Once the optics, and in
particular the analyzing retarder, begin to deviate from ideal
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specifications even slightly, the effect on the measured Stokes
parameters can become unacceptably large for high-accuracy
polarimetric measurements. It is therefore extremely import-
ant to completely characterize the analyzing optics to be used
in any high accuracy polarimetry experiment: defects in the
optical components will be unique to each component (even
if they have the same manufacturer’s part number!), and even
slight defects can cause measurable deviations from the true
polarization.

3.4. Misalignment effects

Finally, we consider the effect of optical misalignment on
polarimetric accuracy. Referring to figure 1, the point source
is translated along the y-axis, though the direction of its emis-
sion axis is not changed. We find that for a collimating lens
with a focal length of 155 mm, even if the light is unpolarized
and the analyzing retarder is perfect, an axial misalignment of
3 mm produces Stokes parameters on the order of one part in
105 different from the expected value, which is detectable by
the AESOP polarimeter [7]. This can be understood by consid-
ering figure 4. When the point source is misaligned with the
optical train, the symmetry in the intensity of the light incid-
ent upon the analyzing retarder is broken. Therefore, when
the retarder rotates during a measurement, the intensity of the
radial polarization induced by the collimating lens and parallel
to the fast axis of the retarder is not constant. The effect of mis-
alignment becomesmore dramatic if the point source produces
polarized light and the retarder is not perfect. For example,
for the linear horizontally polarized light and the analyzing
retarder shown in figure 5 with a focal length of 155 mm, a 3-
mm axial misalignment produces error on the order of one part
in 103, which is readily detectable by the AESOP polarimeter.

4. Conclusions and best practices

Though the issue of lens orientation has been addressed as
it relates to spherical aberration, it had not, to our know-
ledge, been discussed in the literature for photon-counting
measurements using dim sources. We thus endeavor to codify
best practices in this regard for such experiments. Using the
sophisticated ray-tracing software TracePro®, we have sys-
tematically addressed the issue of lens orientation and Fresnel
reflection- and refraction-induced polarization for a collimat-
ing plano-convex lens as it relates to light capture and trans-
mission, polarization-sensitive imaging, and, most import-
antly, for high-accuracy polarimetry.

From these results, we conclude that for a given focal
length, an AR-coated plano-convex lens with the planar side
oriented toward the point-source will minimize the amount of
light scattered by the lens. Though a lens with small focal
length collects more light from the point-source, it also res-
ults in more contaminant polarization. We have mapped in
cross-section the Fresnel-induced polarization for a beam of
light resulting from its passage through the collimating lens.
The induced polarization is linear along a radial direction of
the beam cross-section. Though the degree of Fresnel-induced

polarization is small, it may be of concern to those wishing
to do high resolution polarization-sensitive imaging, or those
undertaking highly accurate optical polarimetry. In the latter
case, we have investigated the effect of the induced polariza-
tion on such measurements. Provided that the light is initially
unpolarized, the Fresnel-induced polarization has very little
effect on the experimentally-determined values of the Stokes
parameters. It will be of concern, however, when the analyz-
ing polarization optics are not ideal and the light is initially
polarized with an intensity profile that is not isotropic. In this
case, the effect may be large enough to lead to significant sys-
tematic error in polarimetric measurements. Misalignment of
the polarimeter optical train relative to the emission axis of the
light source of a few degrees can become important at the 10−3

level for Stokes parameter measurements.
The general rule that the collection lens should have its

surface with the largest radius of curvature facing upstream
holds for issues related to maximal transmission and polar-
imetric accuracy, as well as for issues related to image
formation. Finally, we recommend that for highly accur-
ate polarimetry, comprehensive ray-tracing software be used
to construct detailed numerical models of the experimental
apparatus being used in order to characterize potential sources
of uncertainty.
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