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The precision by which an electron spin polarization measurement can be made using a noble-gas polarimeter 
depends directly on the accuracy of a light-polarization measurement. Since the electron-noble gas collisions occur 
in a vacuum chamber and the optical polarimeter is generally outside the chamber, this work examines the effect 
the vacuum window has on the perceived optical polarization. A model light source, lens system, and optical polar­
imeter are used that approximate the situation found in a typical atomic physics experiment. It was demonstrated 
that a pressure difference of 1 atm on a lens will alter the perceived polarization by as much as 0.05% with typical 
borosilicate (BK) lenses. This effect was demonstrated to scale with the thickness of the lens used and changes signs 
when the direction of the stress is reversed. © 2020 Optical Society of America 

https://doi.org/10.1364/ AO.385004 

1. INTRODUCTION 

In the service of third-generation parity violation experi­
ments at the Thomas Jefferson National Laboratory and the 
Mainz Microtron, efforts are underway to make measure­
ments of electron polarization at the injectors for these facilities 
using megaelectron volt Mott polarimetry to an accuracy of 
~0.5% [l ]. Ultimately, Mott polarimetry requires a theoretical 
calculation of the Sherman function-the elastic, single-target­
atom-scattering analyzing power of the measurement-to put 
the final experimental asymmetry on an absolute scale [2]. The 
accuracy of these calculations in the 5 MeV range can proba­
bly be done at the 0.5% level for the basic scattering process, 
but the effect on overall accuracy of the inclusion of radiative 
corrections and bremsstrahlung in the calculation has yet to be 
assessed in detail [3]. Thus, a conservative estimate at present of 
the accuracy with which we can know such Sherman functions 
is perhaps 1 %, yielding an overall accuracy of megaelectron volt 
Mott measurements at about the same level. In order to achieve 
a Mott measurement with an accuracy of0.5%, an independent 
calibration with this level of accuracy will be required. One 
option for such a calibration involves the technique of accurate 
electron spin optical polarimetry (AESOP) [ 4]. 

Using atomic fluorescence polarization to measure electron 
polarization was first proposed formally in 1969 by Farago 
and Wykes [5,6]. They suggested the use of Zn or Hg targets. 
Subsequently, Gay et al. showed that any of the noble gases 
could be used instead [7]. The basic idea is simple: the polarized 
electrons to be analyzed excite atoms through an exchange 
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reaction. Their spin is converted, in part, to orbital orientation 
by spin-orbit coupling in the excited target state. Upon decay 
of this state, the fluorescence polarization can be connected 
kinematically (i.e., without resort to a dynamical calculation) 
toP,: 

p ___ S/_I_ 
e - a + b(M/ /)' 

(1) 

where a and b are determined by simple angular momentum 
coupling algebra, and M / I and S / I are the relative Stokes 
parameters corresponding to linearly polarized light (referenced 
to the incident electron beam axis) and to circularly polarized 
light, respectively [8]. Kinematic determination of a and b 
requires that the excited atom be in a Russel-Saunders state. In 
this case, the third Stokes parameter, C / I , which is the linear 
polarization fraction referenced at 45°/135° to the beam axis, 
must be identically zero [9]. Thus, the measurement of S/ I 
essentially determines P,, the measurement of M / I determines 
the polarimeter's analyzing power, and a null check of C / I 
establishes the validity of the method. Figure 1 shows a typical 
optical polarimeter geometry. 

The optical method has a number of important advantages, 
its chief one being that it is absolute. It also has higher ana­
lyzing power than, e.g., Mott scattering, varying from about 
50% for He targets to 70% for heavy noble gases. The main 
disadvantages of electron optical polarimeters are that they are 
inefficient and require low energy input beams. Typically, tens of 
nanoamperes of beam are required to ensure measurement times 



2716 Vol. 59, No. 9 / 20 March 2020 / Applied Optics Research Article 

y 
135° 

M/1 ; C/1; S/1 

y 
z X 

Fig. 1. Typical geometry for electron optical polarimetry. Electrons 
having transverse polarization along the z axis are incident on the target 
along the x axis. Fluorescence is best detected along the direction of the 
electron spin. The relative Stokes parameters of the fluorescence are 
indicated schematically in the x - y plane with green arrows (circular 
polarization S/ I), blue arrows (canted linear polarization C/ I), and 
orange arrows (linear polarization M /I). 

< 10 min. Incident energies must correspond to those associated 
with atomic valence shell excitation, namely, 10-20 eV. 

In order to calibrate a Mott polarimeter to 0.5%, and assum­
ing a Mott measurement precision of 0.3% (which is feasible at 
megaelectron volt energies), an electron beam must be deliv­
ered to the Mott analyzer with a polarization that is known 
absolutely to 0.4%. The current best values for systematic and 
statistical uncertainty for an optical measurement of electron 
polarization were obtained two decades ago by our group using 
an early prototype of an AESOP polarimeter [ 10]. We were able 
to obtain a statistical accuracy of 0.5% using a Kr target and, 
separately, estimated the systematic uncertainty in a similar 
measurement made with He to be 0.8%. The former measure­
ment was made with a particularly inefficient polarimeter over 
the course of a few hours. With a polarimeter we have recently 
demonstrated, a P, of, e.g., 20% can be measured to 0.2% of 
itself in 13 s with 1 µA of current [11]. We are confident that 
a thorough effort to eliminate potential systematic error can 
achieve the requisite accuracy of0.4%. 

One crucial issue in determining the ultimate accuracy of 
the AESOP method is the effect that lenses used to collect the 
light from the excited atomic target have on the polarization of 
the fluorescence. Since the electron-noble gas collisions occur 
in a vacuum chamber, and the optical polarimeter is generally 
at atmosphere outside the chamber, the question arises: what 
effect does the vacuum window have on the perceived optical 
polarization and how does this limit the accuracy with which 
P, may be measured? A related question is: how do the optical 
polarimetric properties of a window (its linear dichroism or 
retardance) change as a result of the mechanical stress caused by 
a 1 atm pressure difference across it? 

Changes in the index of refraction of vacuum windows have 
been observed [12] to be as large as 1 part in 108• It is possible 
to compensate for stress-induced birefringence in some appli­
cations [13]. However, the situations discussed in Refs. [12,13] 
involve a spatially narrow beam of light that traverses a small 
portion of the optical element. The statistical precision of noble 
gas electron polarimetry is generally limited by low light inten­
sity. Thus, maximizing the solid angle of emission subtended 
by the detector can be important, which in turn means that 

large fractions of the polarimetric optical elements must be 
illuminated. 

Since this requires a light-collection and collimation lens in 
addition to a vacuum window, a single lens can serve in both 
capacities. This reduces the total number of interfaces that 
could potentially alter the polarization observed. It is possible to 
monitor and correct for birefringence in a lens using a sectored 
liquid-crystal retarder [14], but again, chis requires more light 
than is typically available from atomic fluorescence and would 
be difficult to implement in situ with a polarimeter. Thus, the 
focus of the present investigation is to understand the changes 
in optical polarization produced by a combination lens/vacuum 
barrier, which is largely illuminated by the polarized light when 
stressed with pressure differences on the order of 1 atm. Of 
course, another option would be to avoid an optical vacuum 
interface entirely by building a polarimeter that can operate in 
vacuo. This approach has both advantages and disadvantages, 
the latter having primarily to do with heat dissipation and ther­
mal effects on the optical elements that can become important in 
high-accuracy measurements. In a parallel effort, we have largely 
solved these problems and have used a polarimeter capable of 
vacuum operation to make the measurements reported here. 
This polarimeter will be discussed in a future publication [ 15]; 
here we provide only a general description of its construction. 

2. APPARATUS 

In this investigation, the three key components of the apparatus 
are: (1) a source of strongly polarized light, (2) a combination 
light-collimating compound lens and vacuum barrier, and 
(3) an optical polarimeter to measure the resulting polari­
zation after passing through the lens. Referring to Figure 2, 
the polarized light source consists of a light-emitting diode 
(LED) (labeled as "A"), a high-contrast "glass" linear polarizer 
(Edmund #47-316) (''B"), and a 2 mm aperture ("C"). These 
components are mounted coaxially in a Conflat reducing nipple 
(Ideal Vacuum Products #Pl04736). The mounting hardware 
supporting the LED, polarizer, and aperture has large venting 
holes so that the chamber can be quickly pumped to vacuum or 
pressurized as needed. 

The collimating lens system ("D") serves as a pressure bar­
rier separating the light source and polarimeter chamber. Two 
different double-lens chambers are used to see if any pressure­
related polarization effects depend on lens thickness. The first 
system uses two 50 mm diameter borosilicate (BK) plano­
convex lenses (Edmund Stock #32-974), each with a nominal 
focal length of 150 mm and center thickness CT= 9.0 mm, 
installed with the flat sides facing each other. The two lenses 
are mounted in a double-sided Conflat flange (Ideal Vacuum 
Products #P105835) with vacuum-compatible epoxy such that 
there is a small void separating the two lenses. A port is bored 
radially through the flange, permitting pressure control of this 
space between the lenses. 

The second collimating lens chamber used in this study also 
uses two piano-convex lenses, similarly installed with their 
flat sides facing each other. However, these lenses are thinner 
(Thorlabs LAI 725) with focal lengths f = 400 mm and center 
thickness CT= 4.6 mm. This second system is identified as 
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Fig. 2. Apparatus diagram illustrating key components. See text for item descriptions. The polarimeter chamber uses a Conflat four-way cross 
(Ideal Vacuum Products #P104691). 

the "thin" system. Rather than replacing the light-source vac­
uum chamber to accommodate the longer effective focal length, 
another lens (Edmund Stock #45-227 f = 5.0 mm) is placed 
immediately in front of the LED to produce a virtual image at 
~200 mm from the thin double-lens chamber. When the light 
source is assembled with either lens system, the output light 
through the polarimeter is checked for accurate collimation. 

The polarimeter consists of the necessary optical compo­
nents to measure the Stokes parameters of light transmitted 
through the lenses. A full description of the optics and the 
procedure for measuring optical polarization is given below. 
Briefly (Fig. 2), the polarimeter consists of a 25 mm diameter 
entrance aperture ("E") blackened with colloidal graphite, a 
rotatable multiple-order quartz retarder (Edmund #43-698; 
"F"), a high-contrast "glass" linear polarizer (Edmund #47-316; 
"G"), a 656 ± 10 nm (Ha) bandpass filter (Edmund #65-716; 
"H"), and a 175 mm focal-length refocusing lens (''I"). All optics 
have a 20 mm dear aperture, and the interior of the polarimeter 
is blackened with colloidal graphite. A stepper-motor (''J") 
and bevel gear system ("K") are used to rotate the retarder. All 
of the above components are mounted in a four-way Conflat 
cross (Ideal Vacuum Products #Pl04691) so that the polar­
imeter chamber may be evacuated or pressurized as needed. 
Light traversing the polarimeter optics exits through a BK-7 
glass vacuum window and is detected with a Hamamatsu 1P28 
photomultiplier, not shown. 

3. POLARIMETRY 

The Stokes parameters of the light are measured following 
a standard method [16]. The light propagation defines the 
+z axis, which is coaxial with the optical system, as in Fig. 3. 
The retarder is assumed to have retardance 8, and its fast axis 
is initially at some angle {30 relative to an arbitrary x axis. The 
transmission axis of the linear polarizer is fixed at angle a, also 
relative to the x axis. The light transmitted through the optical 
system as a function of retarder angle f3 is thus given by 

h(a, {3, 8) = ~ [ / + (~cos 2a + f sin 2a) (1 + cos 8)] 

1 
+ - [S sin 8 sin (2a - 2{3 + 2{30)] 

2 

1 
+ 4 [ (M cos 2a - C sin 2a) cos (4/3 - 4{30) 

+ (M sin 2a + C cos 2a) sin (4/3 - 4{30)] 

X (1 - COS 8) , 
(2) 

where I, M, C, and Sare the standard Stokes parameters. 
Equation (2) is essentially a finite Fourier sum. Expressed 

with discrete coefficients, this becomes 

h(a, {3, 8) =Co+ C2 cos 2{3 + S2 sin 2{3 

+ C4 cos 4{3 + S4 sin 4{3. (3) 

For a single polarization measurement, values of the transmitted 
light h(/3;) are recorded as the retarder is rotated through one 
revolution in increments of !).{3 . For an even number, N = 2 L, 
of h(/3;) values in a trial, the coefficients are 

and 

with Wk = ~ f 13 and f3 I = i · !).{3 . Once the Fourier coef­
ficients are determined, the relative Stokes parameters M/ I, 
C / I, and S / I can be determined from Eqs. (2) and (3) (see also 
Ref. [17]). A representative polarization measurement is shown 
inFig. 4. 
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Fig. 3. Geometry of the optical polarimeter. 

Since we are concerned with, among other things, possible 
stress-induced birefringence in the lens, it is useful to estimate 
what one might expect. First, the lens is modeled as a retarder 
with some pressure-dependent retardance 8' with its fast axis at 
angle /3'. Then, we assume that the input light polarization is 
elliptical with Stokes vector [l, Mo, Co = 0, So]. Although we 
have set the Stokes parameter Co equal to zero, generality is not 
lost, since f3' is variable. The output Stokes vector transmitted 
and observed by the polarimeter is given by 

Collection 

X 

To detector 

4. DATA ACQUISITION 

A computer-controlled valve manifold is used to set the pressure 
in the double-lens chamber to some pressure P berween 1600 
and 0 Torr. Data collection proceeds by measuring the light 
polarization (e.g., Fig. 4), at rwo different pressures, repeated 
many times while holding the pressure in the light source and 
polarimeter chambers constant. A representative data collection 
session is given in Fig. 5. The solid line illustrates the pressure 

[/] ll O O O ] M = 0 cos2 2/3' + cos 8' sin2 2/3' sin 2/3' cos 2/3' ( 1 - cos 8') - sin 2/3' sin 8' 
C 0 sin 2/3' cos 2/3' ( 1 - cos 8') sin2 2/3' + cos2 2/3' cos 8' cos 2/3' sin 8' 
S 0 sin 2/3' sin 8' - cos 2/3' sin 8' cos 8' 

_ Mo ( cos22f3' + cos 8' sin22f3') - So sin 28' sin 8' l 1 ] 
- Mo ( cos 2/3' sin 2/3' - cos 2/3' cos 8' sin 2/3') + So cos 2/3' sin 8' · 

So cos 8' + M0 sin 2/3' sin 8' 

(6) 

To determine under what conditions the experiment will be 
most sensitive to small changes in lens retardance, the derivative 
ofEq. (6) is taken with respect to 8', yielding 

[
/] [ 0 ] d M -S0 sin(2f3') 

do' C = So cos(2f3') ' 
S M0 sin(2/3') 

(7) 

assuming that 8' is small. Equation (7) suggests that if strongly 
linearly polarized light is input to the lens, the largest change 
in polarization is expected to be that of S /I, the relative Stokes 
parameter corresponding to circularly polarized light. 

in the double-lens chamber in which the pressure is toggled 
berween P = 1600 Torr and atmospheric pressure. In the 
specific example of Fig. 5, the light source and polarimeter 
chambers were held at atmospheric pressure ( ~800 Torr) . Light 
polarization is measured 25 times each time a new pressure is 
established. In the data of Fig. 6, there are a total of 400 polari­
zation measurements at each pressure. Before data are collected 
at each new pressure, the data-acquisition computer checks the 
position of the retarder by advancing the motor by a known 
number of steps, then finding home again. The number of 
steps required to find home at each set of pressures is logged to a 
datafile. 
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Fig. 4. Representative polarization measurements (open circles) and 
fit (solid line) according to Eqs. (2) and (3), giving M/ I = -0.432, 
C / I = 0.888, and S / I = 0.156 with an R2 = 0.9997 for the fit. 
Data reduction and error estimation are discussed in the text. 
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Fig. 5. Example data showing circular polarization fraction 
(S/ I) measured as the pressure in the double lens is toggled between 
P = 1600Torr and atmosphere (~800Torr). In this example, the 
pressure in the light source and polarimeter is held constant at atmos­
pheric pressure. The stray data between measurement indices 240 and 
4 50 are discussed in the text. 

The solid circles in Fig. 5 show the measured circular polari­
zation as the pressure in the double-lens chamber is toggled. 
The data show two groupings of 5 / I data around 5 /I~ 0.161 
and around 5/ I~ 0.155. This apparently random change in 
5 / I is believed to be caused by the LED changing its spectral 
distribution, in the same manner that an unstabilized diode 
laser mode "hops." Given that the retardance o of the multiple­
order quartz retarder is strongly wavelength-dependent, a small 
change in LED spectral distribution will yield a different mea­
sured polarization. Unfortunately, these random Auctuations 
are uncontrollable and serve to increase the standard error in the 
final results. These data are not excluded, on the premise that if 
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Fig. 6. Estimation of systematic effects; observed polarization 
changes as the pressure in the valve chamber is toggled per Eq. (8) and 
recorded by instrumentation. The actual pressure in the lens chamber 
is held at atmosphere. 

the pressure-induced stress of the lens is changing polarization, 
there will subsequently be correlated changes in polarization, 
independent of the "mode" in which the LED is operating. 
Another problem in the data is also apparent near measurement 
indices 275 and 400. This happens infrequently and is caused 
by a "homing error" of one step of the motor used to rotate the 
retarder. The computer will rehome the stepper motor after 
every pressure-atmosphere toggle to ensure that the retarder is 
in the correct position. The angular resolution of the motor and 
homing detection system is 1/400 revolutions, so occasionally 
the retarder is placed one step from the nominal home position . 
Since the homing algorithm logs the number of steps at each 
pressure cycle, it is known when this happens and these data are 
excluded from further analysis. 

It is apparent, particularly for measurement indices greater 
than 500, that 5 / I changes synchronously with the pres­
sure in the double-lens chamber. In an effort to mitigate 
long-term drift effects and to make comparisons with data 
taken at other pressures, the difference in polarization values is 
reported. Using the data in Fig. 5 as an example, we compute 
the average circular polarization at 800 Torr ( (5 / /) 800, ;) and 
1600 Torr ( (5 / /} 1600, ; ) for the ith toggle set, with uncertainties 
determined from the standard error of the mean for the 25 mea­
surements in each subset. From this, a change in polarization 
115 / I; = (5 / l}soo, ; - (5 / J} 1600,; is calculated for the ith 
toggle set, with the uncertainty in /15 / l ; determined by adding 
the uncertainty in (5//}soo,; and (5//}i6oo, ; in quadrature. 
There are 16 sets of pressure changes represented in Fig. 5, so 
i ranges from 1 to 16. The average of changes (as opposed to 
the change in averages) is computed (/15/ /} = :E 115/ /;/16 
with the uncertainty determined by adding individual errors of 
115/ I; in quadrature. Using the example data, and excluding 
the aforementioned "homing error" data, this second approach 
yields (/15/ /} = -1.00(19) x 10-3• 

Since the pressure in the light source, lens chamber, and 
polarimeter can be independently controlled, one can produce 
different combinations of vacuum and/or pressure providing 
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different magnitudes and directions of stress on the lenses. In 
the present discussion, only combinations of pressures involv­
ing rough vacuum ( ~0 Torr) , atmosphere ( ~800 Torr), and 
pressurized air (~1600 Torr) will be considered. Further, the 
light source and polarimeter chamber will be held at the same 
pressure during any given experiment. This will keep the mag­
nitude of stress on each half of the lens chamber the same. On 
occasions in which the polarimeter was under vacuum, a small 
temperature correction was applied to the data to account for 
the heating of the retarder by the stepper motor [15]. 

Our results are reported as the absolute change in polarization 
relative to that measured with atmosphere in the double lens as a 
function of the change in stress that the lens experienced during 
the data set. Recall from Fig. 5 that a data set consists of toggling 
the pressure in the lens between atmosphere and either vacuum 
or pressurized air. We define these two pressures in the toggle 
sequence as P1 and P2, respectively, so P1 is always 1 atm, and 
P2 is either O or 2 atm. The change in pressure for the data run 
8 P in units of atmospheres is defined as the pressure difference 
the lens experiences when the double lens is at atmosphere 
minus the pressure difference the lens experiences when the 
double lens is at some pressure P2. Defining the pressure in the 
polarimeter chamber and source chamber as P, which remains 
constant during a data set, the change in pressure for a toggle 
data set becomes 

0 P = I),. Parmophere - /),. Ppressure 

Thus, the change in pressure for a data run is reported 
as 8 P = + l atm or 8 P = - l atm, corresponding to 
P2 = 2 atm or P2 = 0 atm, respectively. 

To estimate systematic errors introduced by the data-analysis 
procedure or by the apparatus, the valve manifold is occa­
sionally removed from the lens chamber. It is sealed with all 
instrumentation attached, and data are acquired following the 
same procedure. While the pressure in the valve manifold is 
toggled and recorded, the actual pressure to the lens chamber 
never changes and is held at atmosphere. Figure 6 shows typical 
changes in polarization observed when the system is checked for 
systematic effects. From this, we conclude that random system­
atic uncertainties are less than ~0.0002 and that any nonzero 
changes in polarization greater than this will be caused by actual 
stresses on the lens. 

Many data sets were collected and analyzed in a manner 
similar to that discussed with regard to Fig. 5. All results are 
presented in Fig. 7, showing the absolute change in polarization 
as a function of the pressure difference 8 P. Each data point 
is the "average of changes" (e.g., (!::,.S/ /} and not !::,.(S/ /}), 
as discussed above for any given trial. Although 8P [Eq. (8)] 
does not depend on the polarimeter and source chamber pres­
sure P, Fig. 7 represents data that have been acquired with P 
equal to 0, 800, and 1600 Torr. Data from both the "thick" 
(CT= 9.0 mm) lenses and "thin" (CT= 4.6 mm) lenses are 
presented in Fig. 7. For the thick lens data, the input polariza­
tion to the system is M/ I= -0.436(1), C/ I= 0.882(1), 
and 5/ I = 0.152(1), determined by averaging all polariza­
tions observed under all pressure conditions. Likewise, the 
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Fig. 7. Change in optical polarization observed as the double-lens 
chamber is stressed with a variety of pressure differences as defined by 
Eq. (8). All data occur at 8P = ±I, but are shifted on the abscissa to 

aid in readability. 

Table 1. Summary of the Change in Optical 
Polarization as the Light-Collection Lenses Are 
Stressecf 

Lenses 8P AM/I AC// AS/I 

Thick -1 2.8(2) X 10-4 2.2(5) X 10-4 2.7(6) X 10-4 

Thick +I -7.4(4) X 10-4 -2.0(7) X 10-4 -1.0(1) X 10-3 

Thin -1 -5(2) X 10- 4 -9(2) X 10- 4 2.2(1) X 10- 3 

Thin +I 3(2) X 10- 4 1.0(2) X 10- 3 -2.8(1) X 10- 3 

•Data are the weighted average of data presented in Fig. 8. 

input polarization to the thin lens data is M/ I = 0.975(5), 
C / I = 0.075(3), and S / I = 0.159(3). 

The average, absolute change in polarization caused by 
changes in stress on the lens is determined by computing a 
weighted average of the multiple trials shown in Fig. 7 for each 
lens. The data are weighted by the standard error of each mea­
surement set (see, e.g., Eq. (7.10) of Re£ [18]). These weighted 
averages are summarized in Table 1. fu suggested by Eq. (7), 
with strongly linearly polarized light input to the lens, the largest 
change in polarization is the circular component. 

The total polarization of the light input into the lens system is 
constrained by 

If the lens only alters the polarization due to changes in bire­
fringence or local reflectance, then Pro, will be constant and 
variations in, for example, circular polarization should be offset 
by commensurate changes in linear polarization. Taking the 
total derivative ofEq. (9) and rearranging, 

( ~) d( ~) = - [ ( ~) d( ~) + ( f) d( ~)] · 
(10) 

The derivatives are taken to be the change in polarization when 
the lens is stressed, e.g., d(C/I) = (!::,.C//} . The left-hand 
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Table 2. Total Change in Circular and Linear 
Polarizations as Defined by Eq. (10) Using Data from 
Table 1 

Lenses oP 
Thick -1 
Thick +1 
Thin -1 
Thin +1 

0.0008 

0.0006 l C 
0 

0.0004 ~ 
N 
-~ 

0.0002 0 
C. 

.!: • Cl) 0.0000 
0) ! C 
(1) 
.<: 

-0.0002 <..> 

]i 
0 
I- -0.0004 

-0.0006 

-1.0 

(M/l) !iM/1 
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Fig. 8. Total change in the circular polarization and the negative 
total change in linear polarization observed when the lens is subjected 
to stress. All data occur at 8 P = ± 1, but are shifted on the abscissa to 
aid in readability. The change in total linear polarization should have 
the same magnitude as the total change in circular polarization. The 
changes are expected to be symmetric about zero when rhe stress on the 
lens changes direction. 

side of Eq. (1 0) is now defined as the total change in circular 
polarization, and the right-hand side as the negative total change 
in linear polarization. Using the data presented above, the left­
and right-hand sides of Eq. (1 O) are calculated independently 
and presented in Table 2, and echoed in Fig. 8. For a given 
lens and pressure trial, the two right-most columns of Table 2 
should be equal if the combined lenses are purely birefringent. 
Furthermore, the changes are expected to be symmetric about 
zero when the stress on the lens changes direction. The data 
show that these statements are generally true, within the sys­
tematic uncertainty of the measurements. Finally, these data 
can be used to estimate a total percentage change in polari­
zation. Considering that the total input polarization is near 
unity, P,or ~ 1, and using the thin-lens data at 8 P = + l as 
examples, the stress of 1 atm changed the perceived circular 
polarization by ~0.05%, with a commensurate change in linear 
polarization. 

5. SIMULATION AND MODELING 

At least two effects could contribute to the observed changes 
in the polarization of light associated with the bulging lenses: 

-+ +- ET 

I 
I 

bz •• 
I I 

I _JI -R_;,-

R2' 

Fig. 9. The assumed change in shape for a piano-convex lens with 
edge thickness ET. Distances R1 and R2 are the radii of curvature 
for rhe convex- and plane-side, respectively, when unstressed. When 
stressed wirh net pressure difference as shown, rhe radii of curvature 
become R; and R;. 

stress-induced birefringence and changes in the Fresnel refrac­
tion of light due to the pressure-dependent radii of curvature of 
the surface of the lenses. The latter effectively changes the angle 
of incidence of each individual light ray upon the lens. To help 
isolate and quantify the magnitude of each effect's contribution 
to the observed changes in polarization, the optomechanical 
ray-tracing software TracePro was used to model the light source 
("A-C") and piano-convex lens ("D") components of the 
experimental apparatus shown in Fig. 2. Though TracePro does 
not model the stress of optical components, it can quantify the 
contribution of the pressure-dependent radii of curvature to the 
changes in polarization. 

When the lens is stressed due to a uniform pressure difference, 
it is assumed to change shape, as shown in Fig. 9. The radii of 
curvature for the convex- and plane-side of the lens (R1 and 
R2 respectively) are assumed to change to R~ and R;, with the 
edges of the lens fixed. The displacement of the central por­
tion of the lens 8z is estimated using a finite-element analysis 
(FEA; Autodesk Inventor Pro 2018) with a variety of applied 
pressures. Our FEA simulation assumed a Young's modulus of 
68,000 MPa, a Poisson ratio of0.19, and a shear modulus of 
28,500 MPa. From 8z and simple geometry considerations, new 
radii of curvature were calculated assuming that the surfaces 
of the lens remain spherical. The Thorlabs LAI 725 lens was 
considered as an example. Figure 10 shows the expected radii of 
curvature for a variety of applied pressures. These new radii of 
curvature were used in the TracePro simulations. 

In the TracePro simulations, a point source produces light 
at a wavelength of 656 nm. The light passes through an ideal 
polarizer with a horizontal pass axis (M/ I = l) and is then 
incident upon a double piano-convex lens collimating system 
like that shown in Fig. 2 ("D"). The distance between the point 
source and lens was equal to the focal length of the lens. After 
passing through the double lens, polarization maps of the cross 
sections of the transmitted light beams are computed by the 
program. The piano-convex lenses used in the simulations are 
the same 50-mm diameter lenses used in the collimating lens 
system ("D'') described above (Edmund #32-974 and Thorlabs 
LAI 725) . Using the radii of curvature as determined by FEA, 
seven different TracePro simulations were conducted for seven 
different pressure differences: ±4 atm, ±2 atm, ± 1 atm, and 
0 atm, for a total of 14 simulations for each lens used in the 
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Fig. 10. Calculated radii of curvature of the convex and flat side (R\ 
and R;, respectively) of a Thorlabs LAl 725. 

experiment. In addition to the two lenses mentioned above, two 
other lenses with 25-mm diameters and similar focal lengths 
(Edmund #32-863 and Thorlabs LAl 172) were used in single­
lens simulations at the same seven pressure differences, for an 
additional 28 simulations, and 42 in total. The four different 
lenses used in these simulations have center thicknesses ranging 
from 2.4 to 9 mm. 

One advantage of these simulations is that they can reveal the 
changes in the polarization in individual parts of the beam cross 
section, whereas the experiment essentially measures the average 
polarization across the full cross section. Figure 11 shows typical 
polarization maps produced by these simulations. 

To compare our simulations to experiment, the polarization 
values are averaged across the face of the lens. For all 48 simu­
lations, the average polarization of the light emerging from the 
lens is M / I ~ l, C / I ~ o, and S / I ~ o within 1 part in 
~ 106, which we assume corresponds to the numerical accuracy 
of the integrated average, since the results did not depend on 
pressure. This suggests that changes in the radii of curvature of 
the lens surfaces, and the corresponding changes in the trans­
mitted light due to Fresnel's equations, are an insignificant 
contributor to polarization changes. Thus, the polarization 
variations observed must be due to stress-induced birefringence. 

We note also from Fig. 11 that the lens's circular sym­
metry further reduces any change in the integrated average 
of the Stokes parameters due to lens bulge. Not only are the 
local changes in C / I and S / I small, but they average to zero 
azimuthally. The requirement that Ptot not change due to 
transmission through the lens means that the local production 
of nonzero values of C / I and S / I must reduce the value of 
M / I in these lens regions. Thus, a net change in the integrated 
M / I can be expected, although, as we indicated above, the 
modeling of our experiment in TracePro indicates that it is 
immeasurably small. 

We now consider stress-induced birefringence and its effect 
on the transmitted Stokes parameters. When a uniaxial normal 
stress is applied to a sample of glass, it possible to have two dif­
ferent indices of refraction, n.L and nu, corresponding to light 
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Fig.11. Typical beam cross sections for M/I, C/I, and S/I of 
initially horizontally linear-polarized light after passing through the 
50mm diameter lens with a center thickness of9 mm (Edmund #32-
97 4) at a pressure difference of +4 atm. The propagation direction 
of the beam is into the page. These maps are characteristic of all the 
simulations. 

propagating through the sample with electric vector perpen­
dicular or parallel to the applied stress. The nonzero difference 
n.L - nu will lead to a relative phase shift between the two elec­
tric vectors. According to the stress-optic law [19], the relative 
phase difference is determined from 

(11) 

in which t is the thickness of the sample, A is the wavelength of 
light, C is the stress-optic coefficient for the material, and a 1(2) 

is the first (second) principle stress. Stresses are estimated, again 
using FEA, for both the Edmund #32-974 and the Thorlabs 
LAl 172 lenses with an applied pressure of 1 atm following 
the orientation given in Fig. 9. While a1 - a2 must be strictly 
zero at the center of the lens, the value of a1 on the optical axis 
and on the convex surface is used as a convenient, representa­
tive value for placing an upper limit estimate on the phase 
difference, since we know the thickness t at this point. Using 
C ~ 3 x 10-13 fringes/(dyne/cm2) [20], and the taking the 
thickness to be the center thickness for the appropriate lens, 



Research Article Vol. 59, No. 9 / 20 March 2020 / Applied Optics 2723 

0.26 

0.24 

i 0.22 
ro 
'ti 
~ 

;;;- 0.20 

= :E 
"' 0l 0.18 
"' ro .c 
Q. 

0.16 

0.14 

0 

• 
D 

■ 

~ 
Thin lens with ET= 3mm 
Thorlabs LA1725 (ET= 3mm) 
Thick lens with ET=4.86mm 
Edmund 32-974 (ET=4.86mm) 

~ 
0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011 

Center thickness CT (m) 

Fig. 12. Calculated phase difference 8 [Eq. (1 1)] for lenses similar 
to Thorlabs LAI 725 with edge thickness ET = 3 mm and for lenses 
similartoEdmund32-974withET = 4.86mm. 

the local upper limit of the phase shift 8 is calculated for these 
lenses and presented in Fig. 12. A family of phase difference data 
is also calculated by adjusting the center thickness of each lens 
while keeping the edge thickness constant. This also means that 
the radii of curvature of the lenses have changed. The data in 
Fig. 12 suggest that a thinner lens will be more susceptible to 
stress-induced birefringence. 

Equation ( 11 ) and the simulation data suggest that local bire­
fringence can be introduced in our lenses with 1 atm of pressure. 
However, with the uniform pressure applied to the face of the 
lens, the stress pattern is axially symmetric about the optical axis. 
Even if a local region on the lens produces a phase shift with a 
given input linear polarization, there will be a commensurate 
phase change of opposite sign on the opposite side of the optical 
axis. Thus, in a manner consistent with our symmetry con­
siderations for the TracePro calculations discussed above, the 
integrated average birefringent phase shift of a perfectly sym­
metric ideal lens will be zero. In other words, the lens could not 
produce circular polarization with any input linear polarization. 

Assuming now that the lens is imperfect and has some effec­
tive pressure-dependent retardance 8' as before, we can estimate 
the change in retardance d8' and effective fast axis {3' from 
Eq. (7). For example, using all measured data for the thin lens 
(Table 1), the average input polarization (given above), and all 
algebraic pathways available in Eq. (7), we determine an average 
{3' = -12° andd8' = +0.0067(8) radforthe8P = +1 atm 
data and d8' = -0.0063(6) rad for the 8 P = -1 atm data. 
This phase difference is ~2.5% of the maximum phase change 
calculated above and can be explained by random variations 
throughout the bulk of the lens. 

6. CONCLUSIONS 

The ultimate accuracy of a noble gas electron polarimeter will 
depend on the accuracy by which light polarization can be 
measured. The effects of atmospheric stress on a light-collection 
lens and how this can alter polarization has been demonstrated. 
Our light-source intensity, lens system, and optical polarimeter 

approximates the situation found in a typical atomic physics 
experiment. We have demonstrated that a pressure difference 
of 1 atm on a lens will alter the perceived polarization by as 
much as 0.05% with typical borosilicate lenses. This effect was 
demonstrated to change signs when the direction of the stress is 
reversed, and scale with the thickness of the lens. 

We examined two possible sources of this effect in an effort to 
predict scaling with lens thickness. In the ideal situation, both 
the stress-induced birefringence and the changes produced by 
Fresnel refraction are symmetric about the optical axis. That is 
to say, the two effects cannot exhibit a sense of rotation, so it is 
impossible to produce nonzero S / I from a linear input polariza­
tion. In other words, by symmetry, there cannot be an integrated 
phase difference introduced by an ideal lens. Stress-induced 
birefringence can only arise from a lens with microscopic defects 
and asymmetries introduced by the manufacturing process. 
Such stress-induced birefringence will not be identical for any 
two components, even if they do share the same manufacturer's 
part number. One can assume, however, that both the thick and 
thin lens have similar distributions of random variations in the 
bulk. Then, broadly generalizing the results presented in Fig. 12, 
the thinner lens will have more susceptible stress-induced 
birefringence for similar applied pressures. 
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