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ABSTRACT

We have constructed a polarimeter for use at wavelengths near 1 mm, designed to be self-contained and
portable. Only minor modifications should be required to adapt this instrument for use on any of several
millimeter and submillimeter telescopes. In this paper we describe the polarimeter system and data-
taking techniques, and report a preliminary measurement of the polarized dust emission from the Orion
KL region at 1.3 mm using the NRAO 12 m telescope. Our results (P =2.9 + 0.6%, y = 11 + 6°) are
similar to previous polarization measurements of Orion at far-infrared and submillimeter wavelengths.
The magnetic field direction implied by the polarization position angle is parallel to that found in the
surrounding Orion region using optical and near- to mid-infrared polarimetric techniques.

L. INTRODUCTION

The polarization of starlight by dust at optical and near-
infrared wavelengths is due to selective absorption by non-
spherical, spinning grains, which are aligned in magnetic
fields. Observations of starlight polarization are routinely
used to delineate field directions in the general interstellar
medium and in the outer, low-density peripheries of molecu-
lar clouds. In some dense regions with warm imbedded in-
frared sources, near- and mid-infrared polarimetry can also
be used to this end. However, in many potential or incipient
sites of star formation, no polarized infrared sources are
found, and the dust opacities in the optical/IR are so large
that light from background stars cannot be detected; as a
result, the magnetic field configurations in these regions are
unknown. Attempts to map magnetic fields in dense clouds
via linear polarization of molecular lines such as CO, first
predicted theoretically by Goldreich and Kylafis (1981),
have been unsuccessful (Wannier, Scoville, and Barvainis
1983; Barvainis and Wootten 1986).

While dust absorption obscures our view of dense cloud
cores in the optical/IR, this same dust is optically thin at
millimeter and submillimeter wavelengths and is strong in
emission in many regions. Thus we might hope to use dust
emission to decipher the structures of the densest parts of
molecular clouds. It is known, via their polarization proper-
ties in absorption, that dust grains align with magnetic fields.
We might also expect the emission from such grains to be
polarized at optically thin millimeter/submillimeter wave-
lengths. That this is the case has been borne out by the work
of Hildebrand, Dragovan, and Novak (1984, also reported
in Dragovan 1986), who successfully measured linearly po-
larized dust emission at 270 pm, using the Kuiper Airborne
Observatory (KAO). They observed the Orion region with a
60" beam, and obtained a fractional polarization of about
1.7% at two different positions. Cudlip e al. (1982) also
detected far-IR polarization in Orion at a wavelength of 77
(m, with a2’ beam on a rocket-borne experiment. They mea-
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sured a fractional polarization of 2.2% at a position angle
similar to that of the 270 um KAO observations.

Even though the spectrum of dust emission falls off rapid-
ly toward longer wavelengths at submillimeter and milli-
meter wavelengths, a number of star-forming regions remain
strong enough to be easily observed in total flux density at 1
mm using ground-based telescopes. Orion is the strongest,
producing a peak flux density at 1.3 mm of nearly 100 Jy (in
a 30" beam) at the KL position (Sutton et al. 1982; Gordon
and Jewell 1987). Current telescope/receiver sensitivities
are such that sources with tens of Janskys per beam should
be amenable to polarimetric measurements at the 1%-2%
level, with spatial resolutions a factor of 2 or more better
than those available using the K40 at submillimeter wave-
lengths. With this in mind, we have built a polarimeter,
MILLIPOL, for use at wavelengths near 1 mm. This device
has been designed to be self-contained and fully portable,
requiring only minor modifications for use at any of several
existing millimeter telescope facilities (and at ground-based
submillimeter telescopes in the future).

In this paper, we describe the MILLIPOL polarimeter,
and discuss the methods of data collection and analysis used
for its inaugural observing run at the NRAO 12 m telescope.
We also present a preliminary report of the first detection of
polarization at 1.3 mm (230 GHz), in the dust emission
from the KL region of Orion. Although a detailed quantita-
tive comparison of our results with those of Hildebrand,
Dragovan, and Novak (1984, hereafter referred to as HDN)
and Dragovan (1986) and Cudlip ez al. (1982) is not possi-
ble because of the differences in beam sizes, we find that
despite these differences and the differences in observing
wavelengths our results for Orion are quite similar to the
polarizations reported by those authors.

II. METHODS AND RESULTS
a) The Polarimeter System and Data-Taking Techniques

The MILLIPOL system (see Fig. 1) consists of (1) a
rotating half-wave plate polarization analyzer which is
mounted in the telescope beam path near the receiver feed,
(2) a two-channel analog-to-digital converter, and (3) a
Motorola VME 10 minicomputer for controlling the polari-
meter and accumulating data. The half-wave plate is a
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FIG. 1. Block diagram of relevant telescope and MILLIPOL system components, as configured on the NRAO 12 m telescope.
The beam passes through the rotating polarization analyzer, and is then split into orthogonal polarizations, which are fed into
the dual-channel cooled Schottky receiver. The detected analog signal is digitized using a two-channel A/D board and
sampled by the polarimeter control computer. A stepper motor, commanded by the control computer, rotates the polarization
analyzer via a plastic chain drive. A signal indicating the zero of polarimeter phase is returned to the control computer once
each revolution. The polarimeter control computer continuously monitors position and data-quality bits passed from the
telescope control computer, and stores or rejects data accordingly.

grooved dielectric type, fabricated from rexolite. This rotat-
ing plate, when used in conjunction with a linearly polarized
feed, produces a modulation in the detected signal of the
form

T(0)=1Tp cos (40 —2¢), ()

where T'() is the modulated antenna temperature, 7'p is the
antenna temperature corresponding to the polarized flux
density of the source, and the angle 6 is the rotation angle of
the plate. The phase ¢ is related to the position angle of the
source polarization and the parallactic angle (since the 12 m
telescope is altazimuth mounted):

¢:X_7’_¢oﬂ‘sew (2)
where y is the source position angle on the sky (measured
eastward from north), 7 is the parallactic angle, and @ ., is
a constant phase offset (which must be calibrated ). An addi-
tional sinusoidal modulation at 26, corresponding in ampli-
tude to a few percent of the source total flux, arises because
of the differential index of refraction of the plate for waves

polarized along the fast and slow axes (see Barvainis and
Predmore 1984). Since this modulation is at a frequency
different from that of the 46 polarization signal, it can easily
be removed from the data in postprocessing.

The rexolite plate is driven by a stepper motor with 1.8
increments, which is controlled by the minicomputer. The
A/D converters are sampled at each step of the motor, digi-
tizing the detected signals from the telescope’s continuum
backend. The MILLIPOL computer requires only two other
bits of information from the host telescope: one bit specify-
ing whether the telescope is pointed at the source position or
the reference position, and one bit to specify data quality
(telescope at the commanded coordinate position and re-
ceiver local-oscillator phase-lock loop in lock). Thus MIL-
LIPOL can be used on any telescope where the polarimeter
can be physically mounted in the beam (the aperture of the
polarization analyzer is approximately 9 cm), where a de-
tected continuum output is available, and where position
and data-quality bits can be accessed.

To observe, the telescope need simply track the source and
execute a standard position-switching sequence. The polar-

o
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ization comptuer samples the A/Ds (at 320 Hz) and bins
the data into 40 polarimeter angle bins, which are accumu-
lated into source and reference buffers during the course of a
scan. Typically, a scan consists of five 1 min source/refer-
ence pairs, with the polarimeter continuously rotating at a
rate of 1.6 Hz. Although the polarization-switching rate is
fairly high (1.6 X4 = 6.4 Hz, since the polarization is modu-
lated at four times the rotation rate of the plate), information
about the source total intensity is lost in polarization-
switched observations of weak sources because the source/
reference switching is too slow to cancel drifts in sky emis-
sion. Therefore, for weak sources (i.e., all except the Moon
and planets) we must measure the total flux density sepa-
rately using standard-continuum fast beam-switching tech-
niques.

b) Observations, Analysis, and Calibration

The observations were made on 5-8 March 1987. The
cooled, two-channel (orthogonal polarizations), Schottky
diode receiver was optimized for double-sideband operation,
with the upper sideband centered at 231.6 GHz and the low-
er sideband centered at 229.1 GHz. The observing frequency
was chosen so as to minimize contributions from line radi-
ation in the emission from Orion (Gordon and Jewell 1987).
The effective bandwidth was 600 MHz. The beamwidth was
measured to be 30”, and pointing was monitored frequently
using observations of the planets, which were also used to
calibrate the flux-density scales. We estimate that the rela-
tive calibration between the total and polarized flux-density
scales is accurate to approximately 10%. One receiver chan-
nel was found to be a factor of 2 noisier than the other, great-
ly limiting its usefulness for weak sources (for most of the
results presented below, only the “good” channel is report-
ed). All of the data reported here were obtained under excel-
lent weather conditions.

A modest software package has been developed for dis-
playing the data, calculating the power spectrum (to identify
spurious periodic components), averaging scans, and ex-
tracting the source polarizations. We have found that the
most favorable noise characteristics are generally obtained
when the 40 polarization channels are folded, modulo the
polarization period, to ten channels. This procedure effec-
tively cancels the 26 modulation mentioned above, and also
significantly reduces most of the spurious Fourier compo-
nents that occasionally appear in the data. Thus, the normal
procedure is to fold the data into ten channels spanning a
polarimeter-angle range of 0°-90°, then fit for the amplitude
and phase of the polarization sinusoid using a least-squares
routine.

The polarimeter offset angle ¢ g, Was calibrated by ob-
serving the limb of the Moon, which was assumed to be po-
larized in the radial direction. We found the Moon to have a
low fractional polarization of about 1% at 1.3 mm, with a
polarization position angle that tracked precisely with rota-
tion angle around the lunar limb (observations were made at
radii of 12’ from the lunar center). From these measure-
ments, plotted in Fig. 2, we found that ¢ .., = 80.5° 4+ 0.7°
for the setup employed at the 12 m telescope. Figure 3 shows
the data for a typical observation of the moon, folded to ten
polarimeter-angle bins. The solid line in Fig. 3 is a least-
squares fit to the 46 polarization sinusoid (only one period
remains after folding).

Venus was used to calibrate the fractional instrumental
polarization. Upper limits of =~0.3% were obtained for both
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FIG. 2. Measured polarization angle versus Moon radius angle, used
to derive the polarization offset angle @, . The telescope-pointing
positions, at radii of 12’ from the lunar center, and assumed (radial)
polarization position angles are indicated by the tick marks on the
circle. The fitted line, constrained to have a slope of unity, has an
intercept of 80.5° + 0.7°( = Pogeet )-

the fractional instrumental polarization and the fractional
polarization of Venus from two sets of observations at paral-

- lactic angles differing by 67°. (An advantageous feature of

altazimuth telescopes with regard to polarization measure-
ments is that the source, as it crosses the sky, appears to
rotate with respect to the telescope; this rotation is described
by the change in parallactic angle, and can be used to sepa-
rate the source polarization, which rotates with parallactic
angle, from any instrumental polarization, which is assumed
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F1G. 3. Typical polarization data for the lunar calibration observa-
tions (this example is for Moon radius angle — 45°). The original 40
polarimeter-angle bins have been folded to 10, covering one full peri-
od of the 46 polarization sinusoid. The solid line is the fit to Eq. (1)
in the text, with T, = 6.58 + 0.28 (arbitrary units) and ¢ = 33.5°
+ 1.2°. The total intensity is twice the mean level of the data, or
equivalently, the sum of the minimum level ( = (unpolarized inten-
sity)/2) and the maximum level (= (unpolarized intensity)/
2 + polarized intensity). The fractional polarization is
0.94% + 0.04% for this measurement.
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to be constant. The procedure for extracting source and in-
strumental components is discussed in the next subsection.)
The low limit on the fractional instrumental polarization
found using Venus is supported by the lunar observations—
any instrumental term at the 0.2% level or greater would
have corrupted the position-angle measurements and
skewed the data points off the straight line in Fig. 2. Another
form of instrumental polarization, at a low absolute level and
apparently not proportional to source strength, was found in
the observations of Orion.

¢) Analysis of the Orion Observations

Two positions, separated by one beamwidth (30”) north—
south, were observed in Orion (see Table I for coordinates,
and Fig. 4 for a 1.3 mm continuum map of the region by
Gordon and Jewell (1987)). These positions, designated
Orion S(outh) and Orion N(orth), were each observed for
about 1 hr both east and west of transit. The observing se-
quence (with mean parallactic angle in parentheses) was:
Orion S( — 42°), Orion N( — 22°), Orion N( + 35°), and
Orion S( + 48°). Total flux densities, measured using stan-
dard continuum beam-switching techniques, are 43.5 + 5.1
Jy and 83.0 + 8.8 Jy for Orion S and Orion N, respectively.
In the absence of instrumental polarization, or if the instru-
mental term can be calibrated (using, for example, a planet),
measurements of a given source position at various parallac-
tic angles should produce identical results once the known
parallactic-angle correction is applied. This was not found to
be the case for the Orion measurements, which, for both
positions, gave significantly different answers east and west
of the meridian (the derived position angles were different
by =~30°). This cannot be explained as being due to an unac-
counted fractional instrumental component, because the Ve-
nus and Moon measurements show that this component
must be less than 0.3%, much too small to significantly af-
fect the several percent polarizations measured.

While the polarization phase did rotate with parallactic
angle for Orion, it did not rotate quite enough. It appears
that the measurements were corrupted by a source of instru-
mental polarization unrelated to the astronomical source be-
ing observed. If this instrumental effect is constant, it can be
separated from the true source polarization because observa-

513
T I
-05°22' 00"}~ -
a
% 24" 00" _
=
<
E
8
()
26'00" —
1 | |
5N 32M 505 488 44°

Right Ascension (1950.0)

F1G. 4. Comparison of beams and polarization position an-
gles for the three experiments listed in Table II, superposed
on a map of the 1.3 mm continuum emission in Orion (from
Gordon and Jewell 1987). For clarity, only alternate con-
tours on the map have been retained. The circles, in order of
descending size, represent the beams used in the experiments
of Cudlip er al. (1982), HDN and Dragovan (1986), and
this experiment (stippled).

tions are available at two different parallactic angles. By
comparing the instrumental polarizations derived below
from the Orion S and Orion N data, we find that the instru-
mental term does indeed appear to be constant in amplitude
and phase. However, this term is constant in absolute ampli-
tude (in milliKelvins, or Janskys), rather than being a con-
stant fraction of the source total flux density. It is too weak to
have been detected, if present, in the calibration observations
of the Moon and Venus.

TABLE I. Summary of Orion measurements.

Orion S Orion N Comments
a(1950) .... 05"32M47.6° 05"32m47.6°
§(1950) ....  —05°24'33" —05°24'03"
St (Jy) ... 43.5+5.1 83.0+8.8 Total flux density
Tr (mK) ... '15.3+4.0 19.0+5.1 Instrumental polarization term
St (Jy) ... 1.49+£0.39 1.85 4 0.50 Flux density equivalent of Tt
o1 (degrees) 167.2+ 7.5 176.6 + 7.7 Instrumental phase
Sp (Jy) .... 2.13 +£0.47 1.52 £ 0.61 Source polarized flux density
P(%) ...... 4.89 +1.09 1.84 +0.74 Source fractional polarization
x (degrees) 14.3+6.3 5.2+11.5 Source polarization position angle
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d) Instrumental Term Correction

We now describe the procedure for deriving the source
and instrumental terms from observations at two different
parallactic angles, which is based on the method used by
Dragovan (1986). We start with the working hypothesis
that the instrumental term is constant. If this is the case, then
differencing observations of a source taken at different paral-
lactic angles will cancel the instrumental term, while pro-
ducing a sinusoid in the data which is the difference between
the source polarization sinusoids (which have equal ampli-
tudes but different phases). The result has the form

Tyir (0,01,4,) = T(6,61) — T(6,¢,) , (3)

where T and ¢ are defined in Egs. (1) and (2) (the observa-
tions are made at parallactic angles 77, and 7,). Substituting
and combining terms yields

Tq (6,815¢2) = T sin [, — 7,]
Xcos [40 — 2(¥ — Doeer )

This is a sinusoid with amplitude T'p sin [17, — 77,], and a
phase term that can be solved to obtain y, the true source
position angle. When 7, — 17, = 90° (as is the case for the
Orion S data), the sinusoidal amplitude of the differenced
scan is twice the amplitude of the original scans. Similarly,
by summing scans it is possible to derive the instrumental
polarization, correcting for the source polarization (if neces-
sary) after deriving it as above. The expressions are some-
what complicated, though straightforward, and are not giv-
en here. For the special case of Orion S, the source
polarization sinusoids are 180°( =2[n, —77,]) out of
phase, and add destructively, leaving only the instrumental
polarization.

Applying this procedure to the Orion S and Orion N data
separately, we find the instrumental and source polariza-
tions listed in rows 4-9 of Table I (quoted errors are statisti-
cal only; fractional polarizations are not corrected for noise
bias (see, for example, Killeen, Bicknell, and Ekers 1986)).
Note that the instrumental polarization has the same phase
(to within the errors) for Orion S and Orion N, as well as
having the same amplitude when the amplitude is expressed
in absolute units rather than as a fraction of the total flux
density of the source. The instrumental polarization is signif-
icant: for Orion N it is as large as the polarization of the
source, and for Orion S it is nearly as large. However, the fact
that it is the same for both Orion positions supports the as-
sumption that it is constant with time, so that meaningful
values of the source polarization can be derived using the
above procedure. Future runs with MILLIPOL should un-
cover the nature and origin of this instrumental polarization
term.

III. DISCUSSION

In order to facilitate comparison of our Orion results with
the previous far-IR and submillimeter measurements, which
were made with larger beam sizes, we have combined the
Orion S and Orion N polarizations. The result is P,

=2.854+0.61% at Yo, = 10.5° 4+ 6.1°. A comparison of
our positions and beam sizes with those of Dragovan (1986)
and Cudlip et al. (1982) can be seen in Fig. 5. A comparison
of the polarizations (summarized in Table II) reveals that
the three experiments found very similar polarizations, per-
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haps surprisingly so considering the differences in wave-
length and beam size. It is likely that the magnetic fields in
the Orion KL region are fairly uniform in direction, based
upon the similarity of position angles found in the different
experiments and in the two positions measured in this exper-
iment. If the far-IR, submillimeter, and 1.3 mm polariza-
tions are due to optically thin emission by spinning grains
aligned by magnetic fields, then the position angle of polar-
ization should be perpendicular to the projection of the mag-
netic field on the sky (Purcell 1979; Davis and Greenstein
1951). Thus our measurements imply a position angle for
the magnetic field of 101°.

Optical and near-IR polarizations, caused by selective ab-
sorption by spinning grains, will have position angles paral-
lel to the projection of the field on the sky. The interstellar
magnetic field in the general area of the Orion Nebula, as
determined by polarized starlight, is oriented at ~100°
(Breger 1976), parallel to the magnetic field implied by our
observations. The mid-IR polarization at KL, due to selec-
tive absorption of the radiation from embedded sources by
aligned grains, has position angles averaging 103° at 11 um
and 118° at 20 um (from HDN, who used data of Knacke
and Capps 1979), very nearly orthogonal to the 1.3 mm posi-
tion angle and again indicating fields with nearly the same
direction as those measured at 1.3 mm.

A conspicuous structural feature in the Orion Molecular
Cloud is the large scale (=10'X30’) Orion Ridge feature
seen in the IR continuum and in many molecular species
(e.g., Kutneretal. 1976; Smith ez al. 1979). Its orientation at
a position angle of about 10°is aligned with our measured 1.3
mm polarization position angle, and is thus perpendicular to
the magnetic field direction implied by our measurements
and the others noted above. The Orion Ridge may have
formed as material collapsed along the field lines, having
been prevented by magnetic forces from collapsing across
the field lines. One final comparison of angles is worth not-
ing: the axis of the high-velocity bipolar outflow at KL (e.g.,
Wright et al. 1983) is approximately along the direction of
the magnetic field in Orion as derived from the polarization
data.

It is beyond the scope of the present work to consider the
possible implications of 1.3 mm polarimetry for understand-
ing the properties of grains (see Dragovan (1986) for a dis-
cussion of grain properties and submillimeter polarization).
It will be of interest to fully sample, at 1.3 mm, the beam
areas observed by HDN and Dragovan (1986) at 270 m, so
that a direct comparison can be made of the polarizations at
the two wavelengths. Different types of grains (graphite,
silicates) have different magnetic properties and should ex-
hibit different degrees of alignment in magnetic fields. By
comparing the fractional polarizations it may be possible to
constrain models for the relative emissivities as a function of
wavelength for graphite and silicate grains (Dall’ Oglio et al.
1976; Hildebrand 1984).

Our primary objective in these initial observations with
MILLIPOL was to demonstrate the viability of the instru-
ment and the feasibility of ground-based short millimeter-
wavelength polarimetry as applied to emission from dust.
Our measurements of significant polarization in Orion,
though preliminary, indicate that fruitful mapping of mag-
netic fields in molecular clouds will be possible at the rela-
tively high angular resolutions available with large ground-
based millimeter and submillimeter telescopes. We plan to
continue this work at 1.3 mm by mapping a larger area in
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TABLE II. Comparison of Orion polarization measurements.

A Beam Area P X
(um)  (wemin?) (%) (degrees)
Cudlip et al. (1982) ......... 7 3.1 22404 16 £ 8
Dragovan (1986) ............ 270 0.8 1.7+0.2 24 +6
This paper (combined result) 1300 0.4 2.9+0.6 11+6

Orion and surveying other molecular cloud regions with
strong dust emission, and we hope to eventualy move to
shorter wavelengths, where the flux densities are much larg-
er due to the steeply rising spectrum of grain emission.
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