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We present first results of Hertz/VPM, the first submillimeter polarimeter employing the dual Variable-
delay Polarization Modulator (dual-VPM). This device differs from previously used polarization modu-
lators in that it operates in translation, rather than mechanical rotation. We discuss the basic theory
behind this device and its potential advantages over the commonly used half-wave plate. The dual-
VPM was tested both at the Submillimeter Telescope Observatory and in the laboratory. In each case
we present a detailed description of the setup. We discovered that properties of the VPM wire grids
(diameter and spacing) caused behavior that differs from theoretical predictions for ideal wire grid
performance. By modifying the polarimeter settings to compensate for this behavior, we found that
the dual-VPM system is robust, operating with high efficiency and low instrumental polarization. This
device is well suited for air- and space-borne applications. © 2008 Optical Society of America

OCIS codes: 350.1260, 120.5410.

1. Introduction

It has been almost 60 years since the discovery of the
polarization of starlight bymagnetically aligned dust
grains [1–3]. Since then, astronomical polarimetry
has become a valuable and well-established tool to
study a wide variety of astrophysical sources, from
nearby star-forming regions to the radiation linked
to the formation of our universe. Polarized submilli-
meter and far infrared (FIR) light from thermally

emitting aligned dust grains, both in the interstellar
mediumandaround stars, allowsus tomap theplane-
of-sky magnetic field in these regions [4–6]. In star-
forming regions, light along the line of sight is emitted
by dust grains at different temperatures; to separate
cooler dust contributions from the warmer dust, e.g.,
near protostars, observations at multiple wave-
lengths are required. Astronomical polarimetry is
also of great interest in cosmology. Measuring the po-
larization of the cosmic microwave background
(CMB) could provide an opportunity to study the
universe during its first ∼10−32 s after the Big Bang,
when the universe is thought to have gone through an
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inflationary epoch at an energy scale ∼12 orders of
magnitude above those accessible to terrestrial parti-
cle accelerators.
Whether observing star-forming regions or rem-

nants of the early universe, one faces the same pri-
mary challenge: measuring polarized fluxes that are
10−6 or less of the total incident flux. For dust and gas
clouds, polarizations are often on the order of 10−2 of
the total source flux, but very small (10−6) compared
to the atmospheric flux (for ground-based observa-
tions). For the CMB, the polarized flux is a million
times below the total CMB power. The polarized sig-
nature from inflationary physics is expected to be
even lower (10−7 to 10−9) [7].
Measuring a small polarized signal in the presence

of a large, unpolarized background is challenging.
Noise from the background as well as time variations
in the instrument and observing environment dom-
inate the signal. Polarization modulation allows for
encoding the polarization signal, enabling a subse-
quent extraction of the signal from the more random
data stream.
In this paper, we describe the implementation of a

novel polarization modulator, the dual Variable-
delay Polarization Modulator, or dual-VPM. The
dual-VPM operates in reflection instead of transmis-
sion, and fully modulates the linear polarization
state using only small translational motions. These
properties make the dual-VPM an attractive alterna-
tive to the conventional birefringent half-wave plate
(HWP) modulator for certain applications. We review
the basic principle of the dual-VPM and describe the
development and characterization of this device.
WeusedHertz, a polarimeter previouslyusedat the

Caltech Submillimeter Observatory (CSO), as a dual-
polarization detector for our dual-VPM system. This
new Hertz/VPM polarimeter was tested at 350 μm at
the Submillimeter Telescope Observatory (SMTO),
wherewe characterized theperformance of theVPMs.
Follow-up data were later collected at Northwestern
University. We present the results from these two
tests. We find that the dual-VPM system is robust,
operating with high efficiency and low instrumental
polarization.

2. Polarimetric Techniques

A. Stokes Parameters

Full characterization of electromagnetic radiation re-
quires knowledge of its amplitude and phase. For par-
tially coherent radiation fields, this information is
encoded in the time-averaged correlations between
orthogonal fields. These are well parameterized by
the Stokes parameters, which describe the total flux
(I), linearlypolarized flux (QandU), andcircularlypo-
larizedflux (V) [8].Thesefourquantitiesarerelatedby

I2 ≥ Q2 þU2 þ V2; ð1Þ

where equality holds for fully polarized light.
Following the convention of [8], we denote (for light

propagating toward the viewer) StokesQ to be the dif-
ference between horizontal and vertical polarization,
and StokesU as the difference between linear polari-
zation oriented þ45° and −45°. The angle of polari-
zation is defined to increase counterclockwise from
the horizontal. Normalized Stokes parameters (Q=I,
U=I, V=I) are denoted by q, u, and v.

B. The Half-Wave Plate and the Variable-delay
Polarization Modulator

The HWP is a device that is able to induce a
half-wave phase delay between incident orthogonal
polarization components. For this paper (unless
otherwise specified) we will use the term “HWP” to
mean a birefringent device (for example, a quartz
crystal) cut such that its optic axis is parallel to
the front and back surfaces (orthogonal to the direc-
tion of light propagation) and whose thickness is cho-
sen such that the plate will induce a 180° phase delay
between orthogonal polarization components. A rota-
tion of the HWP by an angle θ causes a rotation of the
plane of polarization by a corresponding 2θ. The
HWP can be summarized as a device that induces
a fixed delay between orthogonal components, in
effect rotating the polarization basis.

A “reflective HWP” can be constructed by rotating
a polarizing grid in front of a mirror. Light incident
upon the grid is separated into polarization either
parallel or perpendicular to the grid wires. The for-
mer is reflected by the grid while the latter is trans-
mitted to the mirror, reflects, and then recombines
with the orthogonal counterpart (Fig. 1). For light
with an incident angle of θinc, the induced path-
length difference l is given by

l ¼ 2d cos θinc: ð2Þ

If we set this path-length difference to λ=2, the de-
vice functions as a HWP in reflection. Rotation of the
grid is physically equivalent to rotating a HWP. This

Fig. 1. “Reflective half-wave plate.” Light incident upon a wire
grid is separated into orthogonal polarization components; the
component parallel to the wire grid is reflected while the perpen-
dicular component is transmitted and reflected by a mirror, travel-
ing an extra distance l (dashed line). When the delay l is set equal
to half of the wavelength, this device has the same functionality as
a birefringent half-wave plate (HWP).
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type of device has been used for astronomical polari-
metry at millimeter wavelengths [9,10].
Suppose that, instead of maintaining a fixed dis-

tance between the grid and mirror surfaces, we now
move the mirror back and forth, thus changing the
physical path-length difference between the orthogo-
nal polarization components. By doing so, we fix the
polarization basis and vary thephasedelay; devices of
this type have been denoted Variable-delay Polari-
zation Modulators, or VPMs [11].
One VPM switched between half- and full-wave de-

lays is equivalent to turning a HWP “on” or “off,” that
is, moving a HWP in and out of the beam. We can
calculate the necessary grid–mirror separation dis-
tances from Eq. (2); for example, 350 μm light inci-
dent at 20° requires settings of 93 and 186 μm
separations, respectively. However, if polarization in-
cident on the VPM grids is either completely parallel
or perpendicular to the grid, then the polarization
will not be modulated, regardless of the separation
distance.
This problem can be solved by placing two VPMs in

series with their grids rotated by 22:5° with respect
to one another (corresponding to 45° in Stokes space);
see Fig. 2. In this way, any polarization not modu-
lated by one VPM will be modulated by the other.
We also set the grid angle of the second VPM to be
rotated 45° with respect to the analyzer grid used
for the detector. This dual-VPM system will accu-
rately reproduce the function of a rotating HWP [11].
Single VPMs have been used for astronomical po-

larimetry at millimeter wavelengths in the form of
amodifiedMartin–Puplett Interferometer [12]. How-
ever, since only one VPM was used, another modula-
tor (double-Fresnel rhomb) had to be incorporated.
The dual-VPMmodulation schemehas the advantage
of requiring only small translational motions, rather
than rotation, to obtain full modulation of all linear
polarization states. This paper reports the first
astronomical observations using a submillimeter
polarimeter incorporating a dual-VPM system.
The VPM has several advantages over the HWP.

The VPM, in contrast to the birefringent HWP, oper-
ates in reflection and, so, avoids some of the draw-
backs of dielectrics. Also, assuming near-perfect
grid performance over a large range of wavelengths,
thewavelength of operation for the VPM can be easily
tuned. In comparison, for multiwavelength operation
the dielectric HWP requires multiple birefringent
layers and complicated (and often costly) achromatic
antireflective coatings. The VPM operates without a
rotationbearing; the smallmotionof themirror canbe
accomplished via piezoelectric motors and flexure
bearings. Flexure bearings operate without friction
and are generally considered to be the most durable
of all nonlevitating bearings. Finally, the freedom of a
variable delay means that the VPM can also act as a
quarter-wave plate. For broadband continuum work,
themagnitude of astronomical circular polarization is
often expected to be negligible; thus,measuring circu-

lar polarization can allowa check of the systematics of
an experiment.

The VPM does have challenges in its construction,
characterization, and operation. The desire for high
tolerances (we chose general tolerances below 10 μm)
requires careful design. It also makes the device sus-
ceptible to large systematic vibrations. Also, error
caused by nonparallel grid and mirror surfaces must
be carefully minimized, requiring longer setup times
than for the HWP. High grid efficiencies require flat
and finely spaced wire grids, which can be expensive
to produce. Finally, as we shall see in Subsection 4.A,
VPM characterization is nontrivial. But first, we dis-
cuss basic polarization measurement techniques for
the HWP and dual-VPM modulators.

C. Data Acquisition and Analysis

Now that we have discussed the operation of both the
HWP and VPM, we wish to compare their use in

Fig. 2. Two views of a schematic optical path for a polarimeter
incorporating a dual-VPM modulator. The upper panel shows a
top view while the lower panel shows the view “seen” by the incom-
ing radiation. The radiation is reflected by two VPMs having their
grid wires rotated by 22:5° with respect to one another and is then
incident upon a polarizing grid that splits the beam into orthogo-
nal polarization components directed to detectors R and T (stand-
ing for reflected and transmitted). Note that the figure is a general
schematic and is not representative of the actual grid settings and
orientations used for the Hertz/VPM experiment.
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practical applications, i.e., for use with real submil-
limeter telescopes. We begin with a discussion of the
methods used to derive polarization signals from a
dual-polarization detector for a single modulator po-
sition. Below we start with a summary of basic data
analysis techniques for submillimeter wavelengths
from [13].
Removal of theproportionately large sky signal pre-

sent in one’s observations requires fast switching
(“chopping”) of the telescope beam between two
points: the source itself and an off-source point. The
chopping frequency must be fast enough to overcome
1=f noise from the atmosphere (often ranging from
3–15Hz). As the secondary mirror is chopping be-
tween on and off source, data points are calculated
by subtracting the voltage value of the “right” beam
from that of the “left” beam.
One also “nods” the telescope, switching the source

between the two beams. This nodding technique re-
duces effects caused by surface defects and tempera-
ture differentials across the primary mirror. We
observe the object in a “left–right–right–left”
(l − r − r − l) pattern in order to eliminate long-term
linear progressions in the signal, for example, if
the telescope mirror were slowly warming over time.
Each nod in this “chop–nod” cycle contains an equal
number of demodulated chop values; an average over
all chops is saved for each nod: l1, r1, r2, and l2.
To observe dual polarization simultaneously, a po-

larizing grid is used to direct orthogonal linear polar-
ization components into two detector arrays such
that one array observes the reflected light and the
other transmitted light. The intensity for one pixel
in each array (reflected R or transmitted T) over
one chop–nod cycle is calculated as

RðorTÞ ¼ ðl1 − r1 − r2 þ l2Þ=4; ð3Þ

where the four terms refer to the averaged nod va-
lues as described above (r terms are subtracted, since
they are negative values). The measured polariza-
tion signal Smod for a given modulator position is

Smod ¼ ðRmod − f TmodÞ
ðRmod þ f TmodÞ

; ð4Þ

where f is the relative gain between the correspond-
ing R and T pixels (

P
R=

P
T), averaged over all

chop values for a full cycle. Stokes parameters are
then calculated from the Smod values for one modu-
lator cycle in a manner determined by the type of po-
larization modulation used. We now present analysis
techniques for both the HWPand dual-VPM systems.
We define one “HWP cycle” as a stepped rotation of

the HWP through a set of angles spaced evenly over a
180° range. From Eq. (4), the polarization signal Smod
is plotted as a function of HWP angle θ (Smod → Sθ)
and a sine curve is fit to the data such that the am-
plitude of the curve gives the degree of polarization P
and the phase of the curve gives the polarization an-
gle φ. The fitting procedure is explained by [14]. It

takes into account the arbitrary offset of the HWP
zero angle relative to one’s experiment. One must
also adjust the sign of the HWP angle to account
for the number of reflections between the HWP
and the point of measurement.

For a “VPM cycle,” the VPM grid–mirror separa-
tions are switched between “on” and “off” positions
in four different combinations (VPM 1–VPM 2):
pos1: on–on, pos2: on–off, pos3: off–on, and pos4:
off–off. Here, “on” refers to a half-wave delay and
“off” refers to a full-wave delay [11]. One calculates
the Stokes parameters as follows [11]:

q ¼ ðSpos2 − Spos1Þ=2; ð5Þ

u ¼ ðSpos4 − Spos3Þ=2: ð6Þ

These equations are consistent with the convention
that the time-reversed polarized light beams from
the R and T detector arrays reach VPM 2 with polar-
ization angles rotated by %45° with respect to the
grid wires of VPM 2 (e.g., see Fig. 2). This condition
is necessary for full modulation of the polarization
signal. Hertz/VPM is configured such that R is sen-
sitive to Stokes −U and T is sensitive toþU (see Sub-
sections 3.B and 3.C). If the arrays are role reversed
in Eq. (4), one must set q to −q and u to −u. P and φ
then follow from Stokes definitions:

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ u2

q
; ð7Þ

φ ¼ ð1=2Þarctanðu=qÞ: ð8Þ

The angle φ is thus defined relative to a coordinate
system chosen by the observer. For Hertz/VPM we
define φ relative to the coordinate system of our
optics plane (Subsection 3.B); this angle can then
be projected onto the sky.

These cycles were defined for a system with only
one type of modulator installed. If both types are pre-
sent, as we shall see is the case with our Hertz/VPM
polarimeter, the above definitions are still applic-
able, provided one modulator is held fixed while
the other is cycled.

3. Design of Hertz/VPM

Having described the theory behind the function of
both the HWP and the dual-VPM polarimeters and
their respective analysis techniques, we now describe
the physical implementation of the Hertz/VPM po-
larimeter. The Hertz/VPM polarimeter consists of
the dual-VPM modulator and the decomissioned
CSO polarimeter, Hertz. An optics train, including
the dual-VPMmodulator, was built and used in front
of Hertz. We tested the full Hertz/VPM system at
SMTOonMountGraham inArizona from16–24April
2006. The following year, we conducted a series of
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tests to further characterizeHertz/VPM in the labora-
tory at Northwestern University. Below we outline
the construction of the VPMs and the experimental
setup for both SMTO and the laboratory. This in-
cludes a description of the optics train as well as
our use of the Hertz polarimeter.

A. VPM Construction

OurVPMs have fourmain elements: (1) an aluminum
frame, consisting of a rectangular boxwith the topand
back panels removed; (2) an optical quality mirror on
a translation stage, mounted inside to the bottom of
the frame; (3) a wire grid mounted to the front of
the frame; and (4) a piezoelectric actuator, mounted
in front of the frame that controls mirror motion [15].
The mirror is composed of vapor-deposited alumi-

num on glass and rests on a moving stage mounted
on a kinematic variant of a double-blade flexure lin-
ear bearing. The main flexures are machined in an
hourglass shape to improve the parallelism of the
bearing during motion. This is shown in Fig. 3.
The parallelism of the mirror motion was measured
to be 1:5 μm across the 150mm diameter mirror sur-
face over a 400 μm throw.
Commercial piezoelectric actuators (DSM) control

the mirror motion. These motors rest perpendicu-
larly to surrounding titanium flexures; elongation
of the piezo pushes against these flexures, which sub-
sequently magnify the motion (Fig. 3). We measured
the reliable full throw for the piezos to be 400 μm.
Crossed flexure universal joints are coupled to each
end of the piezoelectric motor. The front universal
joint is coupled to an adjustable plate on the front
of the motor housing; this allows the user to define

the actuator motion relative to the rectangular
frame. The back universal joint is connected to the
moving mirror stage via an L bracket. The universal
joints act to prevent nonparallel motion of the actua-
tor from affecting the mirror motion [15]. A servo-
control amplifier controls distance to within 1 μm.
The grid–mirror displacement is measured using a
capacitive sensor (ADE Technologies) mounted to
the bottom of the aluminum frame.

Grid quality was of primary concern in the con-
struction of the VPMs, as error in wire spacing
and grid flatness can create grid inefficiencies. We
used two 15 cm diameter freestanding grids for the
experiment. The grids consist of 25 μm diameter
gold-coated wires with a nominal spacing of 63 μm.
We measured an actual average grid spacing of
67:5 μm. The grids are specified by the vendor (Milli-
tech) to frequencies up to 1600GHz (wavelengths
greater than 187:5 μm), with a nominal efficiency
of 95% at this frequency.

We desire an rms grid flatness that is less than 1%
of the operating wavelength. Obtaining straight and
parallel wires requires them to be under considerable
tension. This tension causes a “potato chip” effect,
with the tension on the wires deforming the wire grid
frame out of planarity. Because of this effect, we mea-
sured the wires in the grids to have an rms flatness of
roughly 35 μm, equal to one-tenth of our operating
wavelength. To improve grid efficiency, we developed
a grid flattener. The flattener has an optically flat end
surfacewhich rests against the stretchedwire surface
[15]. Set screws bring the flattener into contact with
the wires just until the wires are deflected, minimiz-
ing the stress on the flattener itself. The flattener was
able to improve the rms flatness to ∼2 μm. Figure 3
shows the flattener; the interior radiuswasmachined
at a 20° angle in accordance with the beam incident
angle.

The grid assembly is pulled toward the VPM frame
with rare-earthmagnets embedded in the front plate,
while three set screws in the grid assembly push
against the front plate, establishing the grid–mirror
parallelism. The set screws alignwith small divets lo-
cated near themagnets on the front plate to establish
repeatable rotational positioning of the wire grid.

Good parallelism between the mirror and grid sur-
faces is crucial to obtaining accurate phase delays
and parallel polarization beams. To set and measure
the parallelism, we used a commercial monocular mi-
croscope with 200× magnification and mounted it on
a linear translation stage with a micrometer, which,
in turn, was mounted on a moveable base. This setup
is shown in Fig. 4. The aluminum mount for the mi-
croscope has mounting holes at two different heights,
corresponding to different measurement locations
along the edge of the grid.

To begin, we mount the grid to the front of the rec-
tangular frame, aligning the set screws with the cor-
responding divets on the front surface. Adjustments
are made with the set screws to move the grid close
to the mirror surface, moving one screw at a time.

Fig. 3. (Color online) Views of one VPM. A, Front view. Wire grid
is held to the front of the aluminum frame by rare earth magnets.
Grid flattener increases planarity of wires. Its interior edge is
milled to correspond with a 20° incident angle. B, View inside
housing for piezoelectric actuator. The motor is surrounded by ti-
tanium flexures that magnify the piezo motion. The actuator is
connected to two universal joint flexures to couple motion to the
mirror and to absorb any twistingmotion caused by misalignment.
C, Back view under mirror mount, showing double-blade flexure
and capacitive sensor. Sensormeasures actual mirror–grid separa-
tion distance and sends this information to servo controller,
completing control loop.
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A target separation distance is determined, calcu-
lated such that the mirror at its closest position is
50 μm from the grid. Using the microscope, the dis-
tance between the grid wires and their reflection is
measured and the set screws are adjusted until the
separation distance equals the target distance.
We repeat this procedure for each of three points

on the wire grid; usually two or three iterations
around the circle are needed. The alignment process
results in parallelism of roughly 5% 3 μm.

B. Optical Interface to Telescope

The SMTO is operated by the University of Arizona
and is located on Mount Graham, near Safford,
Arizona. The site rests at approximately 10,500 feet
and has good submillimeter (τ230GHz ≤ 0:06) nights
roughly 10–15% of the time during the months of
December–February with a slightly lower percentage
of good submillimeter nights in April. In this and the
following two subsectionswe describe the constructed
optics train, the Hertz polarimeter, and the control
system for the experiment, respectively.
The Heinrich Hertz Telescope at the SMTO has a

10m primary and operates between 0.3 and 2mm
wavelengths [16]. The focal ratio at the Nasmyth fo-
cus is 13.8. During our observations we chopped the
secondary between two sky positions separated by 40
in cross elevation at a rate of 3Hz.
Figure 5 shows the optics path for the experiment.

Light from the telescope is incident upon two flat
periscope mirrors that bend the light down into
the horizontal optics plane. The light is then colli-
mated using an off-axis paraboloidal mirror before
reaching the VPMs. VPM 1 has its grid wires rotated
22:5° counterclockwise from the horizontal, while the
grid wires for VPM 2 are aligned horizontally. After
passing through the modulators, the beam is then re-
focused using a second off-axis paraboloidal mirror.
Next, a series of two additional flat mirrors sends

the beam to an ellipsoidal mirror that refocuses
the light to match the focal ratio of the Hertz cryostat
(4.48). The full experimental setup is shown in Fig. 6.
Table 1 lists optics components and their properties.
The optics were aligned in a two-step process; the
first was a laser alignment of the optics carried
out in the laboratory at Arizona. Second, cold-load
tests were conducted at SMTO to ensure that the
beam was centered on each optical element.

We define the Stokes parameter reference frame
for Hertz/VPM by the convention described in Sub-
section 2.A, with −Q aligned with the Earth’s gravi-
tational field. (Thus, þQ is horizontal, þU is 45°
counterclockwise (CCW) from horizontal as viewed
looking toward the incident beam, etc.) The input
polarization is referenced to the input to the polari-
meter, which we define to be just before the first
paraboloidal mirror (see Fig. 5).

In designing our dual-VPM system, one concern we
faced regarding the optics was beam walkoff in the
VPMs, the lateral translation between orthogonal
components after they have passed through the mir-
ror–grid system. Simple geometry shows that the to-
tal walkoff can sum to a significant fraction of the
wavelength. We tried to minimize this effect in two
ways. The first was to place each VPM as close as pos-
sible to a pupil; lateral shifts at a pupil translate only
to different incident angles at the focal plane. The an-
gular displacement is directly proportional to the in-
cident angle at the VPMs. Thus, to further minimize
walkoff effects we made the incident angle as close to
normal as possible. We chose this angle to be 20°,

Fig. 4. (Color online) Microscope setup for grid–mirror paralleli-
zation measurements. The microscope is mounted on a bracket
that is moved toward and away from the grid via a linear transla-
tion stage that incorporates a digital micrometer. Measurements
are made at three points around the edge of the grid. Fig. 5. (Color online) Optics path of Hertz/VPM experiment at

SMTO. Optics sit at the Nasmyth focus of telescope. Light is re-
flected down into the optics plane by two periscope mirrors. Light
is collimated with a paraboloidal mirror then passes through the
VPMs before being refocused by the second paraboloidal mirror.
After refocusing, two relay mirrors send the light to an ellipsoidal
mirror, which refocuses the light, this time to match the focal
length of Hertz.
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which allowed for sufficient beam clearance through
the optics.

C. The Hertz Instrument

Hertz contains two 32-bolometer arrays (6 × 6 with
the corners removed) cooled to 0:3K via a Helium-
3 refrigerator [17]. An analyzer grid splits the incom-
ing signal into two orthogonal linear polarizations
and directs each to a detector array. This dual-
polarization observing strategy results in a

ffiffiffi
2

p

increase in the signal-to-noise ratio over single-
polarization systems and also aids in removing sky
noise, which is correlated between arrays [13]. The
polarimeter operates at 350 μm with a relative
bandwidth of ðΔλÞ=λ ¼ 10%. Hertz contains cold
reimaging optics using antireflection-coated quartz
lenses.
Hertz incorporates a quartz HWP located at a cold

pupil stop. Although we did not require this for polar-
izationmeasurements carried outwith the dual-VPM
polarimeter, we used it for two purposes: first, by
using the Hertz instrument in its original HWP-
polarimetermode,wewere able tomeasure the linear
polarization state at the output of the VPMs, provid-
ing a diagnostic of the dual-VPM modulator by itself.
Second, as mentioned in Subsection 2.C, polarization
observations with Hertz/VPM require that the time-
reversed polarized light beams from the R and T de-
tector arrays reach VPM 2 with polarization angles
rotated by %45° with respect to the grid wires of
VPM 2 (e.g., see Fig. 2). It was convenient to achieve
this condition by rotating the HWP in Hertz rather
than having to rotate the entire Dewar.
We thus needed to determine the HWP angle

that satisfied this criterion. At the SMTO, we ac-
complished this by placing a polarizing grid with
horizontal wires in the optics train, directly after
VPM 2. We then rotated the HWP until the signals
were approximately equal in the R and T arrays.
This angle was determined to correspond to an en-
coder reading of 96° (relative to an arbitrary offset).
We collected data at both 96° and the equivalent
angle of 51° (which switches only the sign conven-
tion of the measured Stokes parameter, as shown in
Subsection 2.C).

D. Control System

The control system is outlined in Fig. 7. The main
control computer sends commands to the other com-
puters through a user-operated GUI. The main con-
trol computer communicates via TCP/IP with three
computers: the telescope-control computer, which
controls the telescope motion and positioning; the
data-acquisition computer, which records bolometer
output to file along with header information, dis-
plays data onscreen, and controls the chopping sec-
ondary mirror; and the Ethernet Data Acquisition
System (EDAS) that operates the modulators
(HWP and VPMs).

The data-acquisition computer receives, stores and
displays data sent from the Hertz detector. Signals
originate in Hertz as bolometer voltages that are am-
plified and then converted to a digital signal via an
A/D converter. The data acquisition computer incor-
porates a custom-built data signal processor (DSP)

Table 1. Optics Elements of the Hertz/VPM Experiment and Their Properties

Element f =# or focal length Distance to next optic (mm) Notes

telescope 13.8 2410.6
periscope 1 - 777
periscope 2 - 526
paraboloidal mirror 1 695mm 620 off-axis paraboloid
VPM 1 - 300 grid 22:5° CCW from horizontal
VPM 2 - 225 grid horizontal
relay mirror 1 - 537
paraboloidal mirror 2 695mm 1161 off-axis paraboloid
relay mirror 2 - 225
relay mirror 3 - 184
ellipsoidal mirror 900mm (input) 360mm (output) 210 Distance is to Dewar window
Hertz 3:9=3:5 - pupil lens/detectors

Fig. 6. Photo of the Hertz/dual-VPM experiment at the SMTO.
The optics sit at the Nasmyth focus; optics bench mounts to wall
via a large flange.
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card. The computer records only the chopper-
demodulated (i.e., on-source—off-source) signals.
The DSP card performs the demodulation of the in-
coming data stream in synchronization with the
chopper reference signal that it generates and sends
to the secondary mirror controller. After demodula-
tion, the data-acquisition computer saves the demo-
dulated data for each pixel to disk.
The EDAS (Intelligent Instruments) is a modular

system computer that allows remote operation via an
internet connection. Its use of flash memory elimi-
nates the risk of hard drive failure. Three modules
are connected to the EDAS main CPU and power
modules: a serial port module, an analog-output
(AO) module and an analog-input (AI) module.
To move the VPM mirrors, a target position is sent

by the main control computer to the EDAS, which
sends that command (via binary serial communica-
tions) to the servo controller. The servo sends the ac-
tual position recorded by the capacitive sensor back
to the EDAS (via binary serial) which relays it to the
main control computer (via TCP/IP). To rotate the
HWP, the EDAS sends serial commands to a stepper
motor indexer, which controls the HWP motor. The
EDAS measures the HWP position by first applying
an output voltage across a HWP encoder via the AO.
The custom-built HWP encoder consists of a cryo-
genic rotary variable resistor mounted to the HWP.
The output voltage across the resistor is read by
the AI module and is converted to a HWP angle
via a simple linear equation determined by previous
measurements.

E. Laboratory Test Setup

Nextwe describe the setup used to carry out testing of
the Hertz/VPM polarimeter at Northwestern Univer-

sity. We simulated the telescope signal using a com-
mercial blackbody source placed behind a rotating
optical chopper. The blackbody was placed near the
focus of the first paraboloidal mirror. To facilitate
the mounting and alignment of the blackbody, we re-
moved the twoperiscopemirrors, replacing themwith
a flatmirror that keeps the beam in the horizontal op-
tics plane. A polarizing grid (the “calibration grid”)
was placed between the blackbody and the chopper
as needed. The calibration grid was mounted on a ro-
tating support, allowing us to vary the polarization
state of the source.We rotated the grid to different an-
gles corresponding to%Q and%U polarization states.

Some difficulty arose due to extraneous signals
caused by the bolometer array viewing an image of
itself reflected by the aluminum aperture plate of
the blackbody. We were able to eliminate this effect
by first rotating the blackbody, grid, and chopper
planes slightly away from orthogonality to the beam
and then placing a new aperture, drilled from a piece
of absorber, in front of the blackbody/grid/chopper
system. The optics alignment achieved at Northwes-
tern was not as accurate as that for the SMTO tests.
A careful laser alignment of the mirrors was carried
out, but no cold-load alignment was done. This may,
in part, explain the measured efficiency of the sys-
tem, as we discuss below.

As described above (Subsection 3.C), at SMTO we
used an empirical procedure to determine the fixed
HWP angle to be used for polarization measure-
ments using dual-VPM modulators. Because this
procedure was carried out before the relative gains
f (Subsection 2.C) were determined, it was subject
to significant uncertainties. Accordingly, for our la-
boratory measurements, we used a more accurate
method. We rotated the calibration grid wires to
an angle 45° CCW from horizontal, or −U input po-
larization. We collected HWP files (each modulator
file consists of one cycle, as defined in Subsection 2.C)
with VPM 2 set to a full-wave delay and with the
VPM 1 grid removed. We then examined a plot of
the polarization signal as a function of HWP angle.
The location of the first peak equals the correct
HWP angle. We measured this angle to be 80°, a dif-
ference of 16° from the previous setting (96°).

During laboratory testing in 2007, we collected
many VPM files with the HWP set to the correct an-
gle of 80°. Because of an inadvertent error, we also
collected laboratory VPM files at a HWP angle of
68°. In Subsection 4.B we will discuss how erroneous
HWP angle settings affect our measurements.

4. Results

To fully characterize the Hertz/VPM polarimeter, we
took HWPand VPM files with different input sources
(planets or blackbody source), bothwithandwithout a
polarizing grid (the calibration grid) placed in front of
VPM 1. Data taken without the VPM polarizing grids
were used to obtain photometrymaps and instrumen-
tal polarization measurements. Data taken with the
calibration grid installed were used to characterize

Fig. 7. Diagram of control electronics. Lines signify paths of com-
munication between components; arrows signify direction. Main
control computer communicates with three computers via TCP/
IP connections. The data-acquisition computer computes demodu-
lated signals from detectors, synchronized by a chopping frequency
sent to the secondary mirror. Telescope-control computer handles
telescope motion and positioning. EDAS controls both the VPMs
and the Hertz HWP.
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VPM performance and determine system polariza-
tion efficiency. We also confirmed, via observations
of multipeaked galactic dust clouds, that the beam
size of Hertz is close to 2000. This is consistent with
our expectations, since Hertz achieved ∼2000 resolu-
tion when used at CSO together with a set of relay op-
tics that gave a plate scale at the Hertz input similar
to that given by our SMTO optical design [18].
We present SMTO data collected only on the last

night of the run (April 24), as it was the only night
of the run with low atmospheric opacity (τ230GHz ≤
0:06) and stable observing conditions. Data taken
in the laboratory were collected over a two-week
period in October 2007.

A. Observed Asymmetry in the VPM Interferograms

At the SMTO, we observed Saturn through a polariz-
ing gridmounted at the input to the polarimeter (Sub-
section 3.B) with wires horizontal with respect to the
optics plane. We took HWP files with the VPMs set to
various combinations of grid–mirror separation dis-
tances. The data were fit using a two-VPM transfer
function model [11]. This model allowed us to fit for
the source polarization, small fixed offsets in the
grid–mirror separation of each VPM, and rotational
errors in the alignment of the VPM grids. Though
the data exhibited the same qualitative features as
the model, the measured phase delays of the VPMs
did notmatch the delays one expects given the geome-
try,wavelength, and reportedgrid–mirror separation.
We isolated this effect in the laboratory by study-

ing the polarization properties of a single VPM.
Using the laboratory setup described above, we
removed the grid from the front of VPM 1 and sent
polarized light oriented −45° with respect to the hor-
izontal axis (−U) directly into VPM 2, whose grid axis
is aligned horizontal to the optics plane. We then
stepped the grid–mirror separation distance from
50 to 450 μm, roughly two full wavelength cycles of
polarization modulation, acquiring a HWP file at
each position.
For ideal grid performance (i.e., perfect reflection of

polarized light orientated parallel to the grid, perfect
transmission of orthogonal polarization) and mono-
chromatic radiation, we expect a unity–amplitude
sine modulation of uwith extrema located at the the-
oretical spacings (for λ ¼ 350 μm) of ðnþ 1=2Þ&186 μm
(VPM “on”) and n&186 μm (VPM “off”), as we showed
earlier in Subsection 2.B. Figure 8 plots normalized
Stokes u versus grid–mirror separation distance for
VPM 2; each point plotted represents a HWP file ta-
ken at one VPM setting. The solid curve represents
the theoretical performance of an ideal VPM, but tak-
ing into account both the lower overall amplitude and
thedecoherence due to the finite bandwidth of the sys-
tem (see Subsection 3.C). For illustrative purposes,
we applied an arbitrary offset to align the curve with
the first valley of the laboratory data. Note that the
data points, unlike the solid curve, show an asymme-
try between the ascending and descending portions of
the curve; namely, the peak–valley separation dis-

tances differ significantly from the predicted values
for ideal grids, as calculated in Subsection 2.B. We
also observe an amplitude well below unity; a discus-
sion of possible causes for this effect is deferred until
Subsection 4.B.

Models exist in the literature for wire grid perfor-
mance. Using one such model [19] we were able to
qualitatively reproduce the aforementioned asym-
metry observed in our experimental results for the
normalized Stokes u parameter as a function of
the grid–mirror separation. We ran a simulation of
the corresponding theoretical response of our VPM.
The model used the wire radius a and spacing d of
our experiment and conductivity values σ that corre-
sponded to aluminum-coated glass mirrors and gold-
plated wires (see Subsection 3.A). These results are
shown in Fig. 9. The dashed curve represents the in-
terferogram for an idealized VPM, which is a pure
sinusoid. The solid curve shows the simulated plot
of Stokes u versus the grid–mirror separation dis-
tance for the model VPM. The model is calculated
for a very narrow bandwidth; thus, we can ignore
the spike at the maximum, which is a feature of
the low bandwidth. This feature would be washed
out for Hertz/VPM.

Similar to the laboratory data, the model shows an
asymmetry in the interferogram. The difference be-
tween the ideal and model curves is a function of the
grid parameters a and d and the operating wave-
length λ. Increasing the wavelength by a factor of

Fig. 8. Interferogram plotting normalized Stokes parameter u
versus mirror–grid separation for VPM 2. Input light is assumed
to be 100% polarized at an angle of −45° with respect to theþx axis
(relative to VPM 2). The solid curve is the signal expected for a
geometric phase delay with a 10% bandwidth decoherence. This
idealized curve has been modified to match the amplitude and
phase of the first peak of the observed data. The data do not match
this simple geometrically motivated model; there is an asymmetry
in the observed data, with the peak–valley separation distances
being significantly different from 93 μm, the predicted value for
ideal grids. A more detailed model that includes the phase re-
sponse of the grid is required to reproduce the observed instrumen-
tal performance.
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10 in the model eliminates the observed asymmetry.
In our case, ðλ=aÞ ¼ ð350=12:5Þ ¼ 28. This is some-
what outside of the stated applicability of the model
[19] (λ=a > 40), which is the likely cause of the
remaining discrepancy between the model and
observed data.
It is important to note that even thoughwe find that

the actual phase delay differs from the geometric pre-
diction, the effect described here does not affect the
utility of the VPM. It simply indicates that a more
detailed model is required to map the grid–mirror se-
paration into phase. For the purposes of thiswork, the
interferogram in Fig. 8 can be used to “tune” our
VPMs. Our interferogram shows that, for the VPM
grids used, operating at 350 μm, the peaks andvalleys
are not at the geometrically motivated values of 186
and 93 μm. It is reasonable to assume that when car-
rying out VPM cycles (Subsection 2.C) to measure po-
larization with Hertz/VPM, one will obtain improved
performance by applying adjustments to the mirror–
grid separation distances so that the full- and half-
wave conditions are met. After experimentally
determining the proper full- and half-wave delays

for VPM 2 to be at 175 and 62:5 μm, respectively
(see Fig. 8), we then set the device to a full-wave delay
(i.e., turned “off,” or 175 μm), and repeated the inter-
ferogram measurements for VPM 1, finding extrema
at 210 and 75 μm. We collected VPM files using these
empirically determinedVPMsettings aswell as other
settings related to the theoretical separations, which
were later used for comparison.

We note that the proper settings obtained from the
interferograms are not the same for each VPM.
Although we are not sure of the cause of this differ-
ence in settings, we speculate that it may be related
to the orientation of the wire grids with respect to the
plane of incidence. For VPM 2, the grid wires are par-
allel to the plane of incidence, while the same is not
true for VPM 1.

B. Polarimeter Performance

In Subsection 4.A, we determined key characteristics
of the individual VPMs. Now, through analysis of the
VPM files collected, we present a series of measure-
ments taken to determine the performance of the
complete Hertz/VPM polarimeter.

A key characteristic is the polarization efficiency,
defined as the ratio between the input polarization
and the polarization actually measured by the polari-
meter. For the case of Hertz/VPM, the polarization
efficiency is defined as the polarization measured
for an assumed 100% polarized input signal. In prac-
tice, however, the input polarization is determined by
the calibration grid, which does not produce comple-
tely polarized light. For our purposes, we consider
any efficiency losses of the calibrator grid to be
negligible.

As suggested by the interferogram plot in the pre-
vious section, there are sources of polarization ineffi-
ciency in the experiment. Two main factors that
contribute significantly to the measured efficiency
of the Hertz/dual-VPM system (see Table 2) are the
HWP angle setting used for the VPM files and the
VPM settings used. We compare SMTO and labpra-
tory data taken under three different conditions:
incorrect HWP and VPM settings (groups 1–3 in
Table 2), incorrect HWP setting and correct VPM set-
tings (group 4), and correct HWP and VPM settings
(group 5). The determination of the HWP angle set-
tings was discussed previously in Subsections 3.C
and 3.E. We note that for group 2, the HWP angle
is closer to ð80−45 ¼Þ35° than to our proper offset an-
gle of 80°; thus, our calculation of Stokes q and u for
this group includes an inversion as explained in

Fig. 9. VPM interferogram obtained using a model that treats
wire grid performance [19]. The solid curve shows the model pre-
dictions (u versus grid–mirror separation distance) for the case of
grid parameters, wavelength, and incident polarization that
match our experiment. The model employs a very narrow band-
width and assumes regular wire spacing. The spike in the solid
curve would be expected to be washed out by the large relative
bandwidth of Hertz and, indeed, is not observed in Fig. 8. The
dashed curve shows the idealized sinusoidal interferogram that
would be expected for the case of ideal grid and geometric phase
delay. In the long wavelength limit, the model curve approaches
the idealized curve.

Table 2. Modulator Settings and Measured Efficiencies for Datafile Groupings

Group HWP angle (°)
VPM 1 setting
(μm) half wave Full wave

VPM 2 setting
(μm) half-wave Full wave Location Efficiency

1 96 93 186 93 186 SMTO 54:3%% 2:6%
2 51 93 186 93 186 SMTO 53:8%% 1:2%
3 68 100 193 82 175 lab 47:7%% 15:6%
4 68 75 210 62.5 175 lab 52:3%% 1:8%
5 80 75 210 62.5 175 lab 85:7%% 1:0%
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Subsection 2.C. Also note that, for group 4, the differ-
ence between half- and full-wave delay positions was
set to 93 μm, but the positions were offset from the
geometric values of 93 and 186 μm.
For SMTO calibration grid data, we collected nine

VPM files (four for group 1, five for group 2) of Saturn
with a polarizing grid installed before the first para-
boloidal mirror. For each of these two groups, files
were taken at only one polarizing grid angle (horizon-
tal grid wires, or −Q input polarization). For the la-
boratory data, group 3 consisted of six files taken at
each of four polarizing grid angles (%Q;%U), while
groups 4 and 5 included two files taken at each angle.
From each VPM file we calculated normalized Stokes
q and u by the method outlined in Subsection 2.C.
(Again note that for group 2 the calculation includes
an inversion; see above.)
Figure 10 shows the nominal input polarization

states (denoted by solid circles) together with these
q and u measurements. Each plotted measurement
represents an average over all files taken at a parti-
cular calibration grid angle within one group. The
measured angle of polarization was always within
3° of the nominal value (6° in Stokes space). However,
the degree of polarization could be as low as 40% for
incorrect HWP and/or VPM settings. This suggests
that the main effect that results from these incorrect
settings is a loss of polarization efficiency. It is impor-
tant to note that there are variations in the polariza-
tion efficiency as one travels around the Stokes
plane. For example, q polarization efficiency is high-

er than u efficiency for groups 3 and 5, but the re-
verse is true for group 4. This phenomenon is not
fully understood; however, it is evident that using
the proper modulator settings results in an overall
increase in efficiency.

We calculated the mean polarization efficiency for
each group by averaging over all files in a group, re-
gardless of whether that file was a measure of Q- or
U-like polarization. Averages were calculated with
equal weighting and are listed in Table 2. The polar-
ization efficiency reached amaximum of roughly 85%
for group 5, where the HWP and VPMs are set to
their correct positions. Polarization efficiency at
the SMTO (groups 1 and 2) was measured to be 54%.

Additional sources of efficiency loss can also be
found within Hertz; namely, its HWP and polarizing
grids. In the laboratory we collected HWP files taken
with the calibration grid in place and with both VPM
grids removed. We took files for four polarizing grid
angles, corresponding to input polarization of %q or
%u ¼ −1. With this configuration, we measured an
average efficiency of 93%. Previous measurements
for the Hertz polarimeter give an efficiency of 95%
[18]; this drop of 2% may be attributable to the
quality of the calibration grid, which has not been
independently measured.

Even when the VPMs are set to the proper half-
and full-wave delays, we still see a maxiumum effi-
ciency of only 85%; for perfect VPM efficiency, we
should expect a system efficiency closer to 93%.
We do not know the cause of this net dual-VPM effi-
ciency loss; it may be attributable to poor optical
alignment in the laboratory (see Subsection 3.E).

VPM files of Jupiter were collected with no calibra-
tion grid on the last night of observations at SMTO.
The planet is assumed to be unpolarized [20]; hence
any detected polarization should be attributed to the
instrumental polarization of the full Hertz/VPM sys-
tem. We collected 15 VPM files taken with the HWP
and VPM settings as given for group 1 of the calibra-
tion grid files, and 14 files with group 2 settings.

Similar to the data analysis method used for polar-
ized grid files, we calculated the normalized q and u
values for each VPM file. Averages were calculated
for each group with equal weighting and the qave
and uave values were combined to give a percent po-
larization P and angle φ. The results were 0:29%
0:06% and 0:28% 0:1% for groups 1 and 2, respec-
tively. Recall from the previous section that these
data were taken with incorrect settings for both
the HWP and VPMs; thus, these results should be
modified to reflect the lowered system efficiency.
Even so, these data suggest that the instrumental
polarization of Hertz/VPM is below 1%.

5. Conclusions

The dual-VPM system, which operates in reflection
with only small linear translations, is able to simu-
late the action of a rotating HWP. The inherent prop-
erties of the dual-VPM modulator provide numerous
benefits: high durability, easy multiwavelength

Fig. 10. Polarization measurements made with Hertz/VPM po-
larimeter. Solid circles on axes represent 100% input polarization.
Points plotted represent average values calculated for each group.
In qu space, points are rotated away from axes by up to 6°; in real
space, polarization angles are within 3° of nominal values. Overall
efficiencies increase as HWP and VPMs are moved to their proper
settings. For group 2, u → −u and q → −q, as described in Subsec-
tions 2.C and 4.B.
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operation, and sensitivity to circularly polarized
light.
Maximization of the dual-VPM system perfor-

mance requires a full characterization of the perfor-
mance of the grid–mirror system. The VPM grid
properties, in particular wire diameter and spacing,
are important contributing factors to whether or not
the grid will act ideally for a particular wavelength.
If wire grids are to be used at wavelengths shorter
than those for which they are optimal, inteferograms
can be used to determine proper settings for half- and
full-wave phase delays.
Despite these complications, we found that the

Hertz/dual-VPM polarimeter has high polarization
efficiency (∼85%) and low instrumental polarization
(≤1%). Thus, the new device appears to be robust and
is a viable option for millimeter/submillimeter/IR
astronomy applications, including the numerous
experiments currently under development.
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