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ABSTRACT. We describe a 32 pixel polarimeter, Hertz, for use at the Caltech Submillimeter Observatory.
We present polarization maps of the Orion molecular cloud (OMC-1) at 350 um (46 detections) and 450
pm (19 detections) with 3¢ or better statistical significance. The 350 wum polarization ranges from 1.4% to
6.8% with a median value of 3.3%. The position angles are fairly uniform across the source at an angle of
~30 degrees (east of north). We describe the design and performance characteristics of the polarimeter and
discuss systematic effects due to telescope and instrumental polarization, atmospheric fluctuations, and

reference beam flux.

1. INTRODUCTION

The University of Chicago polarimeter, Hertz, is designed
to make polarimetric images in the submillimeter (A=350
pm) from the Caltech Submillimeter Observatory (CSO).
The instrument simultaneously maps the polarized and total
flux density with 18" resolution using two 32-detector arrays
to measure orthogonal components of linear polarization.

Extended maps of polarization allow one to investigate
magnpetic fields and to constrain fundamental properties of
dust grains. For grains aligned by the magnetic field, the
submillimeter polarization will be perpendicular to the mag-
netic field in the plane of the sky. The magnitude of the
polarization will depend on grain properties, alignment effi-
ciency, and uniformity of the magnetic field along the line of
sight (Hildebrand 1988).

Previous studies in the far infrared (\=100 um) used an
airborne instrument to make some 600 detections of polar-
ized emission from nine molecular clouds (Hildebrand et al.
1995; Dotson 1996; Novak et al. 1997) as well as several
regions near the Galactic center (Hildebrand et al. 1993;
Morris et al. 1992). These studies have shown measurable
polarization in every observed cloud and smooth magnetic-
field morphologies. The polarization is typically low (median
value ~3%) and shows a trend of reduced polarization with
increasing optical depth. This empirical trend has also been
observed in the submillimeter (450 um: Schleuning et al.
1996; 800 pm: Minchin and Murray 1994) and millimeter
(1.3 mm: Leach et al. 1991) wavelengths and has the conse-
quence of low polarization at flux peaks. The trend also im-
plies that the polarized flux in extended regions drops off
less rapidly than the total flux.
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Submillimeter polarimetry will complement measure-
ments at shorter wavelengths from airborne observatories
(KAO and SOFIA) and space missions (ISO and PIREX) by
sampling different grain environments. While far-infrared
measurements favor warm dust near heating sources, submil-
limeter measurements favor higher column densities in
cooler regions. Polarimetry of the cooler dust is better
matched to OH Zeeman measurements which give the line-
of-sight strength of the magnetic field.

In Sec. 2, we describe the design and performance of the
polarimeter. In Sec. 3, we estimate systematic effects and
discuss their removal from the data where possible. In Sec. 4,
we present results for the Orion Molecular Cloud (OMC-1).

2. DESCRIPTION OF THE INSTRUMENT

Hertz incorporates many of the design features of the far-
infrared polarimeter, Stokes, described by Platt et al. (1991).
A schematic drawing is shown in Fig. 1. Optics specifica-
tions are given in Table 1. In both instruments, silicon bo-
lometers are cooled by a two-stage *He refrigerator to an
operating temperature of 300 mK. We employ fast chopping
(3 Hz) of the secondary mirror to remove the high sky back-
ground and slow beam switching (0.1 Hz) to remove offsets.
The half-wave plate (HWP) is stepped slowly to measure the
polarization signal. In this section, we describe the optical,
cryogenic, and electrical design of Hertz. We also present the
measured sensitivity and describe future improvements for
better performance.

2.1 Optical Design

The optical design of Hertz makes a balance between
throughput and resolution. We have chosen 18" beams
(\"2fA dQ=2.5) to increase the throughput of the optics
while maintaining resolution near the diffraction limit.

© 1997. Astronomical Society of the Pacific
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FIG. 1—Schematic diagram of the optical design of Hertz. All of the optical
elements are attached to the “He surface, except for the arrays, which are
connected to the 3He cold surface. Dashed lines trace the beam for a Win-
ston cone at the center of the focal plane. The field lens at the telescope
focal plane reimages the primary onto the pupil lens. Near the pupil, the
half-wave plate (HWP) rotates the plane of polarization. Filters block all but
the 350 wum broadband radiation (ANA=0.1). The pupil lens images the
focal plane onto the arrays. A free-standing wire grid separates the orthogo-
nal components of polarization. The lower array, shown schematically here,
is oriented out of the page. The array lens directs the beam from each cone
onto the pupil. The arrays each consist of Winston cones arranged in a 6X6
pattern with the comer cones omitted. Silicon bolometers are suspended
behind each cone in a cylindrical cavity.

We have placed many of the optical elements near an
image of the primary to reduce systematic polarization ef-
fects (Gonatas et al. 1989). The polyethylene pressure win-
dow is located at an image of the primary (14 cm in front of
the focal plane). A field lens at the focal plane reimages the
primary at a cold pupil stop. A rotating HWP as well as the
pupil lens and filter assembly are mounted within 4 cm of the
image of the primary. The filters and pupil lens are installed
below the HWP, so that any induced linear polarization from
these elements will not be a source of instrumental polariza-
tion. A free-standing wire grid splits the incoming beam into
two planes of polarization. The grid mount can be adjusted
cold to align the arrays on the sky with an accuracy of <3”"
(20% of a beam). Measurements of Saturn give a beam spac-
ing of 17.6+073. A Gaussian fit to the beam has a FWHM of
18+3",

At the focal plane, Winston cones (Compound Parabolic
Concentrators) concentrate the radiation into cylindrical
cavities (Hildebrand 1986). A polyethylene lens is mounted
in front of each array so that beams emanating outward from
all the cones are directed equally onto the pupil. Figure 2
illustrates the importance of an array lens in the fast optics of
the CSO. The telescope’s f/4.48 beam is reduced to an
f/3.90 beam by the demagnification of the pupil lens. With-
out an array lens the acceptance beam for the Winston cones
(f13.5) off the dewar’s optic axis will vignette the pupil stop,
as can be seen in Fig. 2(a).

Consider rays emanating from a single point at the pupil.
The array lens acts to tilt all these rays parallel to the ray that

passes through the center of the lens. These rays will be
equally rejected or accepted by Winston cones at the focal
plane. Thus if the optic axis through the pupil lens is aligned
with the center of the array lens, all pixels will equally see
the image of the primary [Fig. 2(b)].

A resonant grid metal mesh filter made by Queen Mary
College defines the passband at 350 um (ANA=0.1). For
initial observations in 1994, we used a similar 450 um filter.
Short-wavelength blocking is accomplished by a polyethyl-
ene pressure window with a diamond dust coating and by
black polyethylene behind the HWP. Mid-infrared blocking
is provided by the quartz lenses and HWP, which are opaque
from 5 to 40 wm. The passband is 36 um (Av=90 GHz).
The optical transmission of the dewar is 23%. To calculate
the total transmission, one must also consider the point-
source efficiency of the telescope (20%-30%), the atmo-
spheric transmission (~30%), and the coupling constant of
the detectors (2%—6%). We define the coupling constant (a)
of the detectors as the ratio of the measured power to the
calculated power emitted by a known source (lab and sky
measurements), considering the transmission assumptions
given above. The cause of this substantial loss could be due
to poor absorption of the radiation by the detectors in the
detector cavities, losses in the Winston cones, or other losses
that are unaccounted in our optical transmission estimate.

The HWP is made of x-cut crystal quartz and is connected
to the “He surface. A HWP of the incorrect thickness will
reduce the polarization modulation efficiency (see Sec. 3.2).
In our initial testing of the instrument we used a 6 mm HWP
for operation at 450 um, based on estimates of the indices of
refraction for quartz at 1.5 K (Loewenstein et al. 1973). By
observing a highly polarized source at various angles, we
were able to determine an empirical value for the difference
in indices of refraction (method outlined in the Appendix of
Novak et al. 1989). We determine a value of An=0.048
+0.002 for “He cooled quartz at submillimeter wavelengths,
which is 25% greater than the value from Loewenstein et al.
(1973) and in good agreement with more recent room-
temperature measurements (Murray et al. 1992). This corre-
sponds to thicknesses of 3.6 and 4.7 mm for 350 and 450 um
HWPs, respectively. For the 1995 observing run we installed
a 3.6 mm HWP, improving the polarization modulation effi-
ciency from 75% to 85%. The remaining inefficiency is most
likely due to the polarizing grid.

2.2 Two-Stage *He Refrigerator

The Hertz cryostat is designed to have an operating tem-
perature of 300 mK and to have hold times greater than 12 hr
(the length of a typical night of observing) for the liquid
nitrogen, “He, and *He stages. We have designed a mechani-
cally rigid cold surface to support the field optics and elec-
tronics for the array. Figure 3 shows the layout of the He
stages and support structure. The guard stage acts to remove
much of the conductive load from the “He surface. We have
measured the equilibrium temperature of the cold stage as a
function of applied heat and present empirical results with a
model fit to the data. We have determined that the heat load
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TABLE 1
Optics Specifications

Quantity Value Units
CSO Telescope Diameter 10.4 m
F-ratio 4.48
Plate Scale 4.6 "/mm
Lengths Focal Plane to Pupil 146 mm
Pupil to Array 131 mm
Optics Field Lens (Crystal Quartz)
Focal Length 73 mm
Diameter 44 m m
Pupil Lens (Crystal Quartz)
Focal Length 70 mm
Diameter 44 mm
Array Lens (Polyethylene)
Focal Length 132 mm
Diameter 43 m m
Winston Cones
Entrance Aperture 3.05 mm
Exit Aperture 0.43 m m
F-number 3.5
Filter Q.Mary College Metal Mesh
Resonant Grid Filter (AA/A) 0.1
HWP X-cut Crystal Quartz 3.6 m m
Grids Free-standing Gold-Coated (Dia.) 20 pm
Tungsten Wire (spacing) 63 pm
Beam Size Beam (FWHM) 183 "
Pixel Spacing 176 £ 03 "
Throughput A2[A-dQ 2.5
Transmission of Optics 23 %
Detector Coupling Constant (o) 2-6 %
Atmospheric Transmission (%) ~30 %%
Telescope Point Source Efficiency 20-30 %

is dominated by conduction along the G10 cylinders and
straws (see Fig. 3) and that future reconfiguration could re-
duce the temperature to ~200 mK.

In an attempt to characterize the *He refrigerator, we
tested the *He stages without the bolometer arrays, G10
straws, or manganin signal wires. We then added heat to the
cold surface by applying current across a metal-film resistor.
Heating with a constant power caused the cold surface to
equilibrate at a higher temperature, which was measured
with a calibrated germanium resistor (Lake Shore Cryotron-
ics, Inc., Westerville, OH). The empirical results, shown in
Fig. 4, give the dependence of equilibrium temperature on
the heat load, which can be approximated as a power law
(T ~ Q0.2) .

To model the system we note that the pumped *He equi-
librium temperature is determined by the vapor pressure
above the *He liquid. This relationship (assuming a constant
latent heat) is given by White (1993) and when fit to *He
data (see Table A in the Appendix to White 1993) is given
by the semiempirical form,

- 15 K .
 2.32—1og(Pyyp)’ @)

where P.,, is in mm Hg. The vapor pressure depends on the
efficiency of the pumps, the impedance of the pump line, and
the boiloff of the *He liquid. We assume that the boiloff from
the *He plot is directly proportional to the heat load
(dNyoy/dtcQ) and that the impedance of the line is negli-
gible. The model does not include the effects of vapor cool-
ing or convection currents in the *He gas which could have
significant effects on the heat load, especially for high
boiloff rates. The charcoal adsorption pumps will have an
efficiency dependent on the surface area of the charcoal as
well as the cooling power of the “He surface. We approxi-
mate the complicated function for the pump rate as
dNadsorpﬁon/dtOCP”", where P is the vapor pressure at the
pump. Combining these assumptions and Eq. (1), we derive
a functional form for the equilibrium temperature given by

. 15K
equilibium™ 5 30— n log(eQ), )

where € is a property of the cooling power and pump effi-
ciency, Q is the heat load, and » is the inverse power law for
the adsorption pumps. The dependence of equilibrium tem-
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Fi6. 2—Ray diagrams for Winston cones at the focal plane. The thick line to
the right shows the size of the pupil. The dashed lines show schematic
acceptance beams for cones at the focal plane. (a) Beams with no array lens
at the focal plane. (b) Beams with an array lens at the focal plane. With an
array lens, the beams from all the Winston cones equally illuminate the
pupil.

perature on the heat load is shown in Fig. 4 [Eq. (2) and
measured data].

Consider the guard stage which equilibrates at 350 mK
without the G10 straws (Fig. 3). The calculated power from
the “He surface through the G10 cylinders is 100 uW, which
is in agreement with the power needed to raise the tempera-
ture to 350 mK estimated from Fig. 4. Adding the G10
straws and manganin wires, the temperature rises from 350
to 450 mK for the guard stage and from 180 to 300 mK for
the cold stage. This additional load on the cold stage is most
likely due to the G10 straws that may not be properly heat
sunk to the guard stage. The calculated heat load from the
manganin wires is negligible. Removing the straws would
require completely rewiring the array, and providing alter-
nate methods of support. However, with these improvements
the system may be able to reach an equilibrium temperature
of ~200 mK.

2.3 Detectors and Electronics

The two Hertz arrays have 32 bolometers each (a 6X6
pattern with the corners removed). A pair of bolometers, one
from each array, forms one polarimetric pixel on the sky.
Characteristics of the detectors are given in Table 2. The
bolometers are chips of silicon doped with antimony and
boron. The 13X16X6 mil (0.001 in) chips have been ion
implanted and gold coated on their sides of lowest surface
area. Half-mil brass leads are soldered to the gold-coated
sides of the chips and connected to the cold bath.

We measure an electrical NEP of 1.0X10™'> W Hz ™! that
is a combination of amplifier noise and thermal phonon
noise. Due to the microphonic response inherent to high-
impedance detectors, the NEP can be increased significantly
by vibrations. Mechanical motion of the HWP induces such
microphonics, thus limiting our observing strategy to inte-
grating between movements of the HWP and waiting for the
detectors to settle (typically a few seconds).

Each detector is individually wired from the array to an
analog-to-digital converter. The high-impedance lines are
current boosted by voltage follower JFETs. We find that our
JFETs have a noisy regime between 80 and 100 K; therefore,
the JFETs are weakly coupled to the liquid—nitrogen surface
and heated to ~120 K. All 64 signals are separately pream-
plified and digitized with 16 bit resolution using a data sys-
tem designed at NASA Goddard Space Flight Center (de-
scribed by Wang et al. 1996). The digital signals are
transferred over fiber optics to a DSP card in a Macintosh
IIci computer which locks into the chopper wave form. The
signal (in phase) and quadrature (out of phase) data are then
stored in frames of eight chop cycles. Typical integrations
consist of five frames at each of four beam-switched posi-
tions (left, right, right, left). A file consists of integrations at
each of six HWP positions separated by 30 degrees. The
entire file, including beam-switching, HWP movements, and
settling time, takes 8 min of elapsed time, for 5 min and 20
s of integration time. The Macintosh computer communi-
cates over an ethernet connection to the CSO antenna com-
puter to beam switch the telescope, rotate the instrument, and
record an observing log (e.g., telescope offsets, 755 gy, €tC.)
with each file.

2.4 Sensitivity

During an engineering run at the CSO in 1994 October,
we tested Hertz and the newly installed chopping secondary
and cassegrain relay optics. After modifications to the dewar
and the telescope facility (including installation of an instru-
ment rotator), we again observed with Hertz in Fall of 1995.
Some of the characteristics and improvements are listed in
Table 3.

To determine the sensitivity of the instrument we have
made repeated measurements of Saturn at air masses ranging
from 1.11 to 1.55 and in a variety of weather conditions,
monitored with a radiometer at 225 GHz (7,,5~0.03-0.16).
A fit to the data gave an NEFD of 20 Jy Hz™~'/? during good
weather conditions (7,5=0.03). The performance falls expo-
nentially as a function of airmass and 7,,;. We estimate that
“‘good”’ weather conditions only occur for about 20% of the
nights.

In the far infrared (\=100 um), previous studies (Hilde-
brand et al. 1995) have found that typical thermal sources are
weakly polarized (median value ~3%). Because sources are
likely to have low polarization in the submillimeter, we char-
acterize the sensitivity in terms of the desired precision of
polarization measurements. We define a figure of merit,

]

K F,no,

©)

where « is the duty cycle, F, is the photometric flux, 7 is the
polarization modulation efficiency (see Sec. 3.2), g, is the
polarization error, and T is the elapsed time. We calcu-
late a duty cycle (integration time divided by elapsed time)
of 67%, which includes time for object setup, telescope beam
switching, HWP movements, 90 degree instrument rotations,
and computer crashes. For good weather conditions Hertz
has a figure of merit of
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steel capillary tubes. The charcoal pumps are thermally isolated from the
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G10 cylinders which support the system above the *He surface. The arrays
of Winston cones, heat traps, bolometers, and load resistors are supported
off the cold stage by an aluminum mount and G10 straws. Manganin signal
wires from the detector arrays are varnished to G10 straws, which are heat
sunk to the guard stage and then connected to the “He surface.
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2.5 Future Improvements

Hertz is currently limited by the amplifier noise from the
JFETs and the thermal phonon noise. Replacing the JFETs
may lower the amplifier noise somewhat; however, a better
method of improving the overall sensitivity is to build new
detectors. Some improvement can be made by increasing the
impedance of the detectors, which will increase their respon-
sivity and reduce the JFET contribution to the overall NEP
(NEP,p~Rg 05). However, high-impedance detectors can
lead to increased microphonic noise. Reducing the bolometer
lead conductance (G) or lowering the bath temperature (T)
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F1G. 4—Plot of equilibrium temperature vs. applied power for the cold stage
of the *He system. The curve represents the best fit of Eq. (2). The fit gives
€=4.3x10"* uW~! and n=1.9, which implies dN ysorption/dt < P*?, where P
is the *He pressure. The coldest temperature achieved is 180 mK without the
heat load of the bolometer arrays. The operation temperature of 300 mK
implies an added power of 100 uW to the cold stage.

will reduce both thermal contribution (NEPgerma~T*G%%)

and amplifier contributions (NEP,,,~T%*G"?) to the NEP. .
Lowering the conductance of the bolometer leads reaches a

limit of overloading the detector by the background. Reduc-

ing the bath temperature could be achieved by redoing the

suspension of the refrigerator (see Sec. 2.2). We estimate

such changes could improve the sensitivity by an order of

magnitude.

Another way to improve the overall performance of the
polarimeter is to increase the coupling constant (a) of the
detectors (see Sec. 2.1). The NEFD scales as a 7 if the
noise is due to photons and as @~ ! if the noise is due to other
sources (amplifier or thermal). Using larger detectors with
dimensions that better match the 350 pm radiation or build-
ing composite detectors with better absorbtivity could pro-
duce significant improvements to our sensitivity.

3. SYSTEMATIC EFFECTS

Measurements of submillimeter polarization require accu-
rate determination of systematic effects. In this section, we
present measurements of the telescope and instrument polar-
ization and their removal from the data. We describe mea-
surements of the polarization modulation efficiency in the
lab and at the CSO. We discuss the necessity for using dual
arrays to remove slow atmospheric variations and we calcu-
late systematic errors that can occur by failing to chop com-
pletely off an extended source.

3.1 Telescope and Instrument Polarization

To calibrate the polarimeter we performed a series of tests
on the telescope. To measure the zero angle of the HWP we
mounted a polarizing grid below the primary with the wires
aligned along the elevation axis and performed polarization
scans of OMC-1. We also made repeated polarization scans
of Saturn, OMC-1, and the Moon to estimate the magnitude
of the ‘‘edge effect’” and to determine the telescope and
instrument polarization.
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TABLE 2
Detector Characteristics
Property Value Units
Electrical NEP:
NEPphoton 2 1.1x10-16 Watts/\ Hz
NEPjohnson? 2.3x10-16 Watts/N Hz
NEPthermal® 7.4x10-16 Watts/\ Hz
NEP]pad? 0.1x10-16 Watts/\ Hz
NEPamplifier? 6.3x10-16 Watts/\N Hz
Bolometers:
Responsivity 4x107 Volts/Watt
Resistance 12 MQ
Time Constant 2 mSec
Conductance 5x10-8 Watt/K
Heat Capacity 10-10 Joules/K

ACalculations and terminology from Mather (1982)

3.1.1 The Edge Effect

Gonatas et al. (1989) have analyzed the spurious polariza-
tion found in a single pixel-instrument when the image of a
point source was offset toward the edge of a beam. This edge
effect can be due to spatial nonuniformities in the polariza-
tion of the optics or from flux scattered into a beam. Such an
effect has been noted for 1.3 mm (Novak et al. 1990) and for
800 um (Minchin and Murray 1994) polarimeters. With
Hertz, we have made repeated scans with a pixel centered on
Saturn and at positions offset at half power points of the
beam. The measurements at half power points agree with the
polarization at the flux peak in position angle and in percent
polarization within the errors (residuals<<2¢, where o is typi-
cally 1%—-2%). Furthermore, we find that the signal in the
wings (2 pixels away from Saturn’s peak) has 5% of the peak
signal. Thus it is unlikely that polarization from the wings of
our beams affects the data.

3.1.2 The 1995 Data Analysis

For the 350 um results, we performed a multiple linear
regression, following Platt et al. (1991), to separate the
source, telescope, and instrument polarization. This tech-
nique requires observations in sky tracking mode, fast 90
degree rotations, and pixel dithering to sort out the three
components. For the standard analysis, we fit for an instru-

mental polarization for every pixel individually and a uni-
form telescope polarization across the array. The data consist
of polarization scans of OMC-1 from three nights at two
array settings; one centered at the infrared peak, KL, and the
other centered 90” to the south at the submillimeter peak,
KHW (Keene et al. 1982). The fit to all the data gives a
telescope polarization of 0.06+0.08% and an instrument po-
larization that varies across the array in a radial pattern that
appears to increase with radius (shown in Fig. 5). The instru-
mental polarization in pixel 15 is 0.78%£0.25% with an angle
of 869 degrees, which is consistent with polarization scans
on Saturn (assumed unpolarized).

The instrumental polarization is most likely due to the
field lens. The field lens has a radius of curvature of 80 mm,
and outer pixels are displaced by 13 mm from the lens axis.
The expected polarization from the quartz lens (n=2.1) for
outer pixels is 1% in the radial direction, which is in agree-
ment with our measurements. The calculated and measured
instrumental polarization have pixel-to-pixel variations less
than 0.3%. Thus the standard analysis results in a negligible
telescope polarization and an instrument polarization that
varies with a radial pattern due to the quartz field lens and is
subtracted in our analysis to better than 0.3%.

We note that analyzing the same data by different meth-
ods gives some discrepancies for overlapping points. By con-

TABLE 3
Performance Parameters

: 1994 1995 Units
Wavelength 450 350 um
Bandpass 61 37 pum
Polarization Modulation 75 85 %

Efficiency
Operating Pixels 13 23 .
NEFD 25 20 Jy/*f Hz
Tmerit2 10.2 5.1 hours

aDefined by Equation 3.
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FIG. 5—Instrument polarization vectors derived from a multiple linear re-
gression (see Sec. 3.1.2). Circles show the FWHM of the beam for each
pixel. Missing pixels are due to high noise or wiring problems. Offsets are
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thick vectors show polarization vectors of 10, 20, and 30 statistical signifi-
cance, respectively. The polarization vectors indicate a radial pattern that
increases in polarization with radius. The cause of this instrumental polar-
ization is most likely due to the quartz field lens.

sidering the KL and KHW array settings as two separate
datasets in the multiple linear regression, we can compare the
results for overlapping sky positions. In all cases the differ-
ences for overlapping positions were less than 30; however,
in all cases the KHW results had higher polarizations. Nev-
ertheless, for all the overlapping points the position angles
are extremely robust for both data-reduction analyses. Fur-
thermore, trends in the data, such as decreasing polarization
toward KHW, are seen with both methods.

This discrepancy is not likely due to a nonuniform polar-
ization modulation efficiency (see Sec. 3.2) or flux from the
reference beam (see Sec. 3.4). The most likely cause is a
variation of the telescope polarization across the focal plane.
The cassegrain relay optics of the CSO has five mirrors, two
of which are flat steering mirrors at nearly 45 degrees. We
have attempted to fit for such an effect by considering the
telescope polarization for every pixel separately and get tele-
scope polarizations as high as 1.8%, but with low statistical
significance. The model is also flawed, because the rotation
of the dewar with the sky will smear out focal-plane varia-
tions of the telescope polarization. Our dataset does not have
sufficient signal to noise to model the telescope polarization,
and the systematic effect can only be resolved with future
tests at the telescope.

3.1.3 The 1994 Data Analysis

For the 1994 data, there were a number of differences in
the instrument that factor into the data-reduction process.
The instrument was filtered to match the 450 um atmo-
spheric window and to provide extra short wavelength block-
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ing. We used a 6 mm HWP which we determined from lab
tests to be too thick (see Sec. 3.2). During this initial observ-
ing run we had electronic problems that allowed use of only
the top half of the array (13 detectors). Finally, these obser-
vations were made without an instrument rotator, which
meant the instrument and telescope were at a fixed orienta-
tion to each other and that we could not observe in the sky-
tracking or fast-rotation modes. The data were therefore
binned into a grid on the sky as the array rotated around a
source.

The rotation of the sky relative to the alt-az telescope
during observations of OMC-1 and Saturn was sufficient to
remove the combined instrument and telescope polarization
(g;,u;) from the source polarization (gq,,u,) for a central
pixel (number 15) pointed at the peak of emission. The mea-
sured instrument polarization for pixel 15 was Pjrument
=0.73%*0.12% (systematic), which was subtracted uni-
formly for all pixels across the array. For pixels other than
number 15, we used observations of the limb of the Moon to
estimate the range of the instrument polarization (+0.35%).

Since the initial data reduction considered a uniform
instrumental/telescope polarization across the array, we have
reanalyzed the dataset using the telescope and instrument
polarization derived from the 1995 data. These results are in
good agreement with the standard 1994 analysis with no de-
viations greater than 2g.

3.2 Polarization Modulation Efficiency

We have measured the modulation efficiency of Hertz in
the lab and at the telescope for both the 450 and 350 um
configurations. For the lab measurements, we used a hot
blackbody source and combinations of external grids. For the
sky measurements, we observed Saturn, Orion, and the
Moon with combinations of grids in front of the dewar win-
dow. We have determined the polarization modulation effi-
ciency to be 75% for the 1994 data (450 wm) and 85% for
the 1995 data (350 wm). All results have been corrected by
this factor.

The modulation efficiency can be reduced from unity by
an incorrect retardance at the operating wavelength, by a
wide bandpass, or by an imperfect analyzing grid. For the
350 um configuration, lab tests have determined that the 3.6
mm HWP gives the correct retardance. However, in the 450
um configuration the HWP was too thick, which caused
most of the modulation inefficiency. We calculate that the
width of our passband (ANN=0.1) should reduce the modu-
lation efficiency by less than 2%. It is possible that a small
light leak causes a reduction less than 5% for the 350 um
configuration; however, it is likely that the majority of the
inefficiency is due to an imperfect polarizing grid. The po-
larization modulation efficiency is directly proportional to
the grid efficiency which lab tests have determined to be
90=%5%. Future improvements to the instrument will include
higher quality free-standing wire grids with higher polarizing
efficiency.

3.3 Dual Arrays

Atmospheric fluctuations cause variable attenuation of the
signal (e ") especially for time scales longer than a few sec-



314 SCHLEUNING ET AL.

- ™ T 1 |

= 005 (— —

(=] B o

.90 ] o

n o g 8 B

o g

Q

N

§ 005 — ©° R Array H —

E o T A

> rray

Z 01 I I | |
0 50 100 150
Half Wave Plate Angle

0.1 | 1 T

0.05 — —

-0.05 — —]

Polarization Signal
f
I

o L1 | | |
0 100 150

50
Half Wave Plate Angle

Fig. 6—Polarization data for a single file on OMC-1 (8 min of elapsed
observing time). (a) Signals are normalized by the average signal to account
for gain differences of the detectors and preamplifiers. The large correlated
fluctuations, apparent at a HWP angle of 120°, are as great as 10% and are
due to atmospheric variations. (b) The polarization signal S(®) [derived
from Egq. (5)] of the same data is fit with both 90° and 180° components of
the polarization signal. The large correlated fluctuation is effectively re-
moved from the data. The 180° component is due to the HWP and does not
affect our data analysis.

onds. This noise has a dramatic effect on the polarization
signal of a single array since the HWP is stepped on the time
scale of minutes. The fluctuations are uncorrelated with the
position of the HWP; however, the low-frequency drifts are
often large compared to the polarization signal. Simulta-
neous measurements with two arrays allow us remove this
large noise contribution from the data.

Variations of the sky transmission with time will cause
correlated fluctuations in the signals from two detectors (one
from each array) observing the same position on the sky. On
the other hand, a polarized source will produce anticorrelated
signals in the two detectors with a periodicity of 90 degrees
as the HWP is rotated. Figure 6(a) shows the signal for the
normalized reflected (R) and transmitted (7) signals as a
function of the HWP angle for an integration on Orion-KL
during good weather conditions. The R and T signals are
normalized to account for different amplifier gains. One can
see that the R and T signals experience correlated fluctua-

tions that are 10 times greater than the source polarization of
1% at KL.

The correlated noise due to the atmospheric attenuation is
effectively removed by forming the polarization signal,

R(0)e™~T(0e™"  R(O)—T(6)
RO +T(6)e " R(O+I(H) =A cos[4(6— )],
O]

where 6 is the position HWP, e~ " is the atmospheric trans-
mission, and A and ¢ are the magnitude and position angle
of the polarization. In Fig. 6(b), we show the polarization
signal for the same data. One can see that the atmospheric
fluctuations have been removed and that a polarization signal
can be fit to the data. We note that this fit also includes a 180
degree component, caused by reflections off the HWP, which
does not affect our analysis.

To further test the importance of building a dual-array
polarimeter, we have reduced the 1995 data for the R and T
arrays separately as though they were single-array polarim-
eters. We find that the overall errors are higher by a factor of
2. The results also imply telescope and instrument polariza-
tions that are not consistent with each other or to the polar-
izations from the standard analysis. This could be due to
correlated noise across a single array that skews the multiple
linear regression, which assumes that the measurement errors
are uncorrelated.

We conclude that efficient polarimeters operating at sub-
millimeter wavelengths require either dual arrays using a
step and integrate strategy or rapid modulation of the HWP.
The latter is not possible in the current system due to the
microphonic noise inherent to bolometer detectors. However,
rotating a vibrationless HWP continuously or using low-
impedance detectors (less susceptible to microphonics) may
provide an attractive solution in the future.

S(6)=

3.4 Reference Beam Flux

For submillimeter polarimetry, an unfortunate conse-
quence of spatial chopping to remove the high sky back-
ground is the possibility of chopping into a reference beam
with unknown flux and polarization. The problem is magni-
fied by the empirical trend of increasing polarization with
decreasing optical depth (Hildebrand et al. 1995). This trend
can also be described as a broader distribution of polarized
flux around flux peaks than the distribution of flux density.
The problem of flux in the reference beam can be consider-
ably reduced by spatially chopping well-off flux peaks. How-
ever, even with the large spatial chop available at the CSO
(6'—8'), we still must consider the possibility of reference
beam flux affecting the results.

To calculate this systematic effect, we wish to compare
the measured polarized-and total flux to an estimate of the
polarized and total flux from the reference beam. Consider a
source position whose polarization is described by the nor-
malized Stokes parameters

qs=P; cos(2¢y), (6)
u="P, sin(2¢,), @)
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TABLE 4
350 um Polarization Results
ARA2 ADEC2 P(%)  opP AP,C APC ®°)  opP A®S
14 -94 2.4 0.7 +0.3 -0.5 241 8.4 4.4
35 -61 4.1 1.2 +0.6 -1.6 18.1 8.4 9.2
20 -70 6.8 2.0 +0.2 -1.2 29.3 8.2 3.2
5 -79 2.6 0.5 +0.2 -0.4 23.8 6.1 3.3
-11 -87 2.4 0.4 +0.2 -0.4 25.7 5.2 3.4
26 -46 4.4 0.7 +0.5 -1.3 33.3 4.3 6.5
11 -55 41 0.6 +0.3 -0.8 22.6 4.1 4.2
-4 -63 2.6 0.6 +0.3 -0.5 24.4 6.7 4.1
-19 -72 2.8 06 +0.3 -0.6 27.0 5.7 48
-35 -81 3.2 0.8 +0.5 -1.0 22.0 7.5 7.4
48 -13 3.6 1.1 +0.7 -1.6 31.5 8.8 10.6
33 -22 3.2 0.5 +0.6 -1.2 247 4.7 9.0
18 -30 3.4 0.5 +0.4 -1.0 31.3 4.3 6.3
2 -39 3.7 0.7 +0.3 -0.8 20.9 5.0 4.6
-13 -48 4.0 0.4 +0.3 -0.7 21.8 3.1 3.4
-28 -57 2.7 0.5 +0.7 -1.3 23.4 5.6 12.1
-43 -66 3.1 0.8 +0.4 -0.8 33.3 7.3 6.0
39 2 3.7 0.9 +0.5 -1.3 18.7 6.9 7.8
24 -6 2.9 0.4 +0.3 -0.6 24.8 3.5 4.7
9 -15 3.2 0.3 +0.1 -0.2 34.0 2.3 1.6
-6 -24 3.8 0.3 +0.2 -0.4 27.7 1.9 2.3
-22 -33 3.9 0.4 +0.3 -0.8 28.7 2.8 4.5
-37 -42 3.1 0.8 +0.6 -1.2 22.6 7.9 9.5
-52 -50 3.8 1.3 +0.8 -2.0 36.1 9.5 13.3
46 26 2.8 1.0 +0.5 -1.0 15.5 9.8 8.4
30 18 2.4 0.7 +0.3 -0.5 21.9 8.1 4.5
15 9 21 0.3 +0.2 -0.3 28.9 3.7 3.2
0 0 1.4 0.1 +0.1 -0.1 32.0 2.4 1.9
-15 -9 2.7 0.4 +0.2 -0.4 25.4 4.3 3.1
-30 -18 4.1 0.6 +0.4 -1.0 30.8 4.1 5.2
-46 -26 4.6 07 +05 -1.5 26.4 4.5 7.0
37 42 3.1 1.0 +0.4 -0.8 15.0 9.6 5.7
22 33 2.5 0.4 +0.2 -0.3 21.5 4.0 2.6
6 24 1.6 0.3 +0.2 -0.3 38.4 4.7 4.2
-24 6 4.0 0.6 +0.3 -0.6 28.2 4.0 3.4
-39 -2 3.9 0.6 +0.5 -1.3 30.8 4.3 7.4
-55 -11 4.4 0.9 +0.5 -1.5 25.6 5.9 7.4
13 48 2.2 0.6 +0.4 -0.7 32.8 7.3 8.0
-2 39 2.4 0.4 +0.4 -0.7 40.9 5.3 7.2
-18 30 3.3 0.4 +0.4 -0.8 40.5 3.1 5.2
-33 22 3.1 0.5 +0.6 -1.2 43.1 4.6 9.5
-48 13 2.8 0.8 +0.8 -1.5 36.6 8.5 13.9
-63 4 3.8 1.1 +0.9 -2.1 56.6 8.5 14.0
-11 55 2.4 05  +0.7 -1.1 36.4 6.4 12.5
-26 46 2.7 0.6 +0.6 -1.2 46.3 5.9 10.9
-42 37 3.6 0.9 +0.7 -1.6 44.0 7.0 10.5
-57 28 4.9 1.2 +0.7 -2.3 38.4 6.9 10.8
a8 Sky positions are offset in arcsec from the submillimeter flux peak, KL, in
Epoch 1950 coordinates (o=5h32m47.02s, 8=-5924'25.3, Wright et al. (1992))
b Statistical Errors
€ Systematic Errors due to flux in the reference beam (see section 3.4)
and intensity (I;). The reference beam will have similar  and
Stokes parameters (g, ,u,) and intensity (,). The polarim- I
eter measures an apparent intensity (I,=I;,—1,) and polar- y=-= 11)
ization 1,

_Isqs_qur

qa - I_y — Ir 2 (8)

=I:us_1rur
U, IS—Ir .

To simplify the above relations we define the ratios

©

=5 (10)

to make an estimate of the expected polarization error. If we
rotate our frame of reference such that ¢, =0 and thus u,=0,
and combine Egs. (6)—(11), we find that the source polariza-
tion is given by

1
P=P,3 VY —1)2+V2+2(Y—1)V cos(2¢,), (12)
V sin(2¢,) ) 1)

1
¢=3 A’“‘”‘( Y—1+Vcos(24,)
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TABLE 5
450 pm Polarization Results
ARA2 ADEC2 P(%) opP AP4C AP.C @(°) opP A®SC
18 18 3.2 0.4 +0.1 -0.3 38.1 4.2 2.1
18 0 1.9 0.4 +0.2 -0.3 32.3 6.9 3.5
18 -18 1.4 0.5 +0.5 -0.7 32.7 9.7 12.8
18 -35 4.5 1.0 +0.5 -1.3 37.5 6.3 6.5
18 -53 4.7 1.5 +0.4 -1.4 35.6 9.1 6.1
0 0 1.1 0.2 +0.1 -0.1 33.4 5.0 2.5
0 -18 2.0 0.5 +0.2 -0.3 6.8 5.9 3.4
0 -35 4.4 0.5 +0.2 -0.7 24.7 3.4 3.1
0 -53 5.8 1.6 +0.1 -0.6 19.8 7.9 1.8
-18 -35 3.1 0.7 +0.2 -0.4 25.6 6.2 2.7
-18 -70 3.9 0.9 +0.2 -0.5 30.4 6.6 2.8
-35 0 4.5 1.0 +0.4 -1.1 31.0 6.0 4.9
-35 -18 3.5 1.0 +0.4 -1.0 29.3 7.8 6.4
-35 -35 4.8 1.1 +0.3 -1.1 18.4 6.8 4.7
8 -72 3.5 0.6 +0.3 -0.6 37.7 5.1 3.9
8 -90 3.3 0.6 +0.2 -0.5 49.0 5.6 3.3
8 -125 7.5 2.1 +0.2 -2.6 48.6 7.9 6.6
-10 -72 2.5 0.5 +0.2 -0.4 25.4 6.0 3.4
-10 -90 2.1 0.3 +0.2 -0.3 28.3 4.2 3.1

a2 Sky positions are offset in arcsec from the submillimeter flux peak, KL, in
Epoch 1950 coordinates (o=5h32m47.02s, 8=-5924'25.3, Wright et al. (1992))

b Statistical Errors

¢ Systematic Errors due to flux in the reference beam (see section 3.4)

Since we have no knowledge of the direction of the polar-
ization in the reference beam we maximize and minimize
Egs. (12) and (13), with respect to ¢, , to derive

. V-1
AP =P, 5 ) (14)
_ V+1
APy =Po| |, (15)
1 Y—1 2 —-1/2
A¢sys=—Arctan[(T) —1] (16)
+AP} .
where P,=P, >*o, (statistical) and ¢, =, Ay
sys

* 0, (statistical).

We derive an upper limit to the errors by assuming the
reference beam polarization is equal to the maximum polar-
ization (9%) observed at 100 wm (Hildebrand et al. 1995).
One can estimate the value for Y by comparing the flux at
source and reference beam positions from large-scale photo-
metric maps. At best this is an estimate because published
photometric maps that cover an area including the reference
beam position usually sample with larger beams.

For large values of Y, Egs. (14)—(16) go to zero; however
where Y has values <10, the systematic error can be larger
than the statistical error. For example, consider the peak of
OMC-1 (KL) and the position with the largest systematic
errors (ARA=—63; ADEC=4, in Table 4). At the KL peak,
the ratio of the source flux to the reference flux is at least 100
and the ratio of the largest possible polarization in the refer-
ence beam to the apparent polarization is 7.7. With these
estimates the systematic errors are APJ<0.1%, |APg,
<0.1%, and A$<<1:9. The worst-case example has estimated
reference beam values of V=2.4 and Y =6, which give sys-
tematic errors of AP(<0.9%, [AP[<2.1%, and

A,y <14°, which can be compared to the statistical errors
Of 0 pgtat = 1.1%, and 0 4o = 9°. We have estimated this sys-
tematic error separately for all the measurements presented
in Sec. 4.

To further check the OMC-1 data against systematic ef-
fects, we have broken the data with the array centered at KL,
into two sets: one chopping perpendicular to the ridge and
one chopping within 20° of the extended ridge flux. For all
overlapping points between the datasets, the results are con-
sistent to within the statistical errors. Thus our estimate of
the reference beam systematic error can be viewed as a
cautious upper limit.

4. RESULTS

During an initial engineering run at the CSO in Fall of
1994, we tested Hertz, the chopping secondary mirror (con-
structed at the University of Chicago), and the telescope in-
terface. During this run we obtained 19 30 measurements for
OMC-1 at 450 um. In Fall of 1995, we observed OMC-1 at
350 um with an upgraded instrument and improved tele-
scope facilities and obtained 46 30- measurements. The data
for both years are given in Tables 4 and 5. Maps showing the
flux density and polarization vectors are shown in Fig. 7.

The 450 pum data were taken 1994 October 23-26. The
350 um data were taken 1995 Oct. 30—Nov. 1. Observing
conditions were excellent for the 1994 observations with an
average radiometer optical depth (225 GHz) of 0.06. The
weather conditions in 1995 were considerably worse with
only 3 out of 14 nights adequate for observing at 350 um.
However, during those three nights the conditions were good
with an average radiometer optical depth of 0.06. The im-
proved instrument and higher signal at 350 wum resulted in a
larger number of detections for the 1995 data.
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The 350 and 450 wm measurements constitute the largest
maps of submillimeter polarization to date. The polarization
angles agree well with previous measurements in the submil-
limeter (Flett and Murray 1991) and millimeter (Leach et al.
1991) as well as with lower-resolution 100 um results
(Hildebrand et al. 1995). The photometric maps made with
the same instrument agree well with previous published pho-
tometric maps in the submillimeter (Keene et al. 1982) and
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millimeter (Mezger et al. 1990). The cold dust sampled at
350 um appears to have the same polarization features
around the KL peak as seen at 100 wm, namely, large-scale
pinching and systematic reduction of polarization with opti-
cal depth (Schleuning 1997).

5. SUMMARY AND FUTURE IMPROVEMENTS

We have constructed a submillimeter polarimeter for op-
eration at the Caltech Submillimeter Observatory. The opti-
cal, cryogenic, and electrical components provide the capa-
bility to make scores of polarization measurements for bright
sources. We have tested the polarimeter to determine the
telescope and instrument polarizations and have removed
their effects from the data where possible. The systematic
effect due to polarized flux in the reference beams has been
estimated. Observations in the Fall of 1994 and 1995 have
produced 19 (450 um) and 46 (350 um) 30 detections of
polarization in OMC-1.

The polarimeter, while operational and capable of signifi-
cant scientific observations, can be improved in a number of
areas. The polarization modulation efficiency can be in--
creased by higher-quality free-standing wire grids. Antire-
flection coating the lenses will increase the throughput and
reduce the instrumental polarization. The sensitivity can be
greatly improved with higher-responsivity bolometers and a
lower bath temperature. Such improvements would reduce
the instrumental systematic effects and improve the sensitiv-
ity by an order of magnitude.
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