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ABSTRACT. Inthis paper we present the design, calibration method, and initial results of the Dual-Beam Imaging
Polarimeter (DBIP). This new instrument is designed to measure the optical polarization properties of point sources,
in particular, Main Belt asteroids. This instrument interfaces between tH20Békx 2048 camera and the University
of Hawaii's 88 inch telescope and is available for facility use. Using DBIP we are able to measure linear polarization
with a 1 ¢ Poisson signal noise of 0.03% per measurement and a systematic error 00.0@kr+ 0.02% . In
addition, we discuss measurements of the polarization of the asteroid 16 Psyche that were taken as part of the
instrument commissioning. We confirm Psyche’s negative polarizatiorl @¢f37% =+ 0.006%but find no significant
modulation of the signal with rotation above the 0.05% polarization level.

1. INTRODUCTION 2. INSTRUMENT DESIGN

Optical polarimetry of asteroids enjoyed a rush of activity
in the 1960s and 1970s, until the limits of the optics and imagers i ) ,
were reached. A resurgence of interest in polarimetric imaging The optlgal deglgn of PB!P centers Or_‘ adouble-calcite Savart
of asteroids then appeared, fueled by previous successes witRlat€. Calcite splits an incident beam into two parallel beams
optics such as retarders and Savart plates (e.g., SerkowskVith orthogonal polarizations, called the ordinary (o) and ex-
1974), as well as improved CCD technology. Polarimetric stud- traordinary (e) beams. The e-beam has a slightly longer optical
ies of asteroids require large amounts of telescope time spreadd@th in the calcite, producing differential aberrations. A Savart
out over many nights, to fully cover rotation periods and phase plate is two calcite blocks bonded with the e- and o-beams
angles. The University of Hawaii's (UH) 88 inch telescope reversed, ensuring that the two beams have the same optical
offers our study the best access to a wide range of observingpath length and same aberrations. The Savart plate used for
nights, but does not have a high-precision polarimeter. We pre-DBIP was originally used for near-IR imaging polarimetry (Ho-
sent the design and calibration results for a new instrument:dapp & Rayner 1991), but maintains its polarization properties
the Dual-Beam Imaging Polarimeter (DBIP) for the UH 88 in the optical regime. It has a beam separation~a&f mm,
inch telescope, which is capable of simultaneously measuringwhich scales to 6/931.4 pixels) on the Tek CCD. As currently
both orthogonal polarization states for point sources to an ac-mounted, the two beams are rotated slightly clockwise of a
curacy of better than 0.1%. The observing scheme has beemorth-south orientation; however, we refer to them as the north-
designed to make these measurements independent of flat-fieldrn and southern beams throughout this paper.
effects, as well as changes in seeing or extinction. DBIP was  Because of this relatively small separation, DBIP is most
commissioned in March of 2007 in half-wave mode, allowing sefy| for measuring point-source polarization and is incapable
measurement of linear polarization (Stok@andU vectors). ot measuring field polarization (including flat-field polariza-

Two polarized standards and two unpolarized standards Weretion) However, as is discussed in § 4, the power of a dual-
observed, as well as 6.8 hr of coverage of the asteroid 16 i ’ ’

Psyche, which has shown weak variations in polarization in
the past (Broglia & Manara 1992). In 2007 August, DBIP will
be commissioned in full Stokes mode, providing sensitivity to
StokesQ, U, andV while still retaining flat-field and temporal
independence.

beam system is that when used correctly, the polarization values
determined are independent of both flat-field and temporal
variations.

By rotating the Savart plate, all linear polarization angles
could be explored; however, this would mean that the direction
of separation of the images would be dependent on the angle
being investigated, which negates the flat-field independence
provided by the Savart. Instead, a half-wave plate is inserted

* Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Just be_for_e the Savart plate, allowing the plane of polarization
Honolulu, HI; masiero@ifa.hawaii.edu, hodapp@ifa.hawaii.edu, dmh@ifa. of the incident beam to be rotated. Once retarded by the half-
hawaii.edu, lin@ifa.hawaii.edu. wave plate, the transmitted intensity of the two beams exiting
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Waveplate rotation. If the retardance varies between 0.49 and 0.51 wave-
e~bea lengths, this means that varies within176.4 < ¢ < 183.6 .
H Using these maximal values fgr and a wave-plate rotation

angle ofd = 45, the transmitted intensity will be
/D IR-blocked

Double  Jear filter which corresponds to g0.2% depolarization of the incident

Savart polarization [compared to the nominldl= 0.5( — Q) for an
ideal half-wave plate], as well as some separation of Stbkes
Rotation into the positive and negative beams. The Savart plate is in-
Stage sensitive to Stoke¥ and thus this term can be neglected. It
can be shown that Stokés will have depolarization system-
atics of the same orderQ.4%). Thus, for a 10% polarized
Fic. 1.—Arrangement of optical elements in DBIP. standard star we expect any retardance variation to manifest as
a difference 0f~0.03% in the measured percent polarization.
the Savart plate is A source with~1% polarization (e.g., asteroids near their max-
imum negative polarization phase angle) would be measured
1] = }“ + Q cos( 4)+ U sin (%) as~0.003% more depolarizeq than it actually i;. Bpth of these
2 (as shown below) fall well within our current limits for sys-
tematic polarization effects. This systematic depolarization
would affect absolute polarization measures and can be cali-
brated out with a large number of polarized standard-star ob-
servations. This should not affect relative polarization mea-
surements using a consistent filter and wave-plate rotation
wherel is the total intensityQ is the Stokeg)-vector ampli- angles.
tude, U is the StokedU-vector amplitudeg is the angle of An IR-blocked clear filter is chosen to restrict the obser-
rotation of the wave plate, anld is the throughput light am- vations to optical wavelength bands. The filter was supplied
plitude in each of the two split beams. by the Custom Scientific company and h&90% transmission
Thus, by rotating the half-wave plate, any angle of polarized in the 400-700 nm range (typically 95%) and no throughput
light can be sampled by the Savart plate, while the image beyond that range. This is the closest analog to a Sio&n’
separation and orientation remain constant. There are a fewfilter that could be found both off the shelf and reasonably
different designs for half-wave plates (Pancharathnam 1955;priced. Ideally, the filter would be located after the Savart plate
Goodrich 1991), but a true zero-order retarder was chosen be-along the optical axis, to keep stray polarization signals from
cause they tend to have fairly flat retardance across a broadt; however, due to physical space constraints within the mount,
range of wavelengths and are available off the shelf for small it could only be located between the half-wave plate and the
(e.g., 1 inch) diameters. Our half-wave plate is a birefringent Savart plate. Should the filter generate any false linear polar-
polymer supplied by the Bolder Vision Optik company and ization signal, unpolarized standard-star calibrations should be
provides a retardance @.50+ 0.01 wavelengths over the able to detect this and remove it from measurement results.
400-700 nm wavelength rang8eginning with the expansion  The biggest problem that could result from this placement of
from the Muller matrix for a simple retarder-polarizer setup, the filter would be if the filter had a tendency to act like a
we have the equation retarder. This could cause low levels of systematic depolari-
zation, which would show up in the measurements of the ab-
solute polarization of the polarized standard stars. A diagram
of the optical configuration can be seen in Figure 1.
We chose to optimize DBIP for polarization analysis of point
+ Esin (#)(1 — cosé)U — sin (X)) sin¢V], sources, so wide-field capabilities were not required. This
2 means that we were not restricted by optical elements that
] . vignetted the field of view and thus used less expensive, off-
where ¢ is the retardance and is the angle of wave-plate  the-shelf components when available. Our 1 inch diameter
(0.8 inch clear aperture) half-wave plate is significantly smaller
2 The figures are from the vendor's Web site: http://www.boldervision.com/ than the Tek CCD, which causes the field of view to be
achro.html. vignetted from the standard?7’ sided square to a 2.Klear
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= %[I — Qcos(4)— U sin(4)],

| = % | + _;[(1 + cos¢) + (1 — cosg) cos (4)]Q
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The first-light image from DBIP is shown in Figure 2. The
nature of the split image, as well as the separation and entire
field of view of the instrument, can be seen in this picture.

3. CALIBRATION

One of the biggest challenges in calibrating DBIP was find-
ing published lists of polarized and unpolarized standard stars
that would not saturate the detector in less than a second, i.e.,
a magnitude limit oV > 9.7 mag. Most lists of polarized stan-
dards are brighter than this limit and thus most useful for spec-
tropolarimetry (e.g., Keck LRISpSubaru FOCAS,andHub-
ble Space Telescope; Schmidt et al. 1992). Fossati et al. (2007)
provide a list of polarized standards that fall within our required
magnitude range; however, most of these are in the southern
hemisphere and thus difficult to observe from Mauna Kea.
From their list we are able to find two unpolarized standards
adequately observable from our location, as well as two stan-
dards polarized at thd% artD% level. When the peak pixel
value of each image of the target is kept near 45,000 counts,

Fic. 2.—First-light image from DBIP. The bright object near the center is the total beam will include-1.2 x 10° counts, which will have
HD 64299. The dual images of each object are separate.8y , and thed 1o Poisson noise 0£0.09%. This flux level can be reached
entire field of view span2.5 . In this image, north is up and east is to the for a V = 10.79 mag target inr~3 s, or~9 s for aV =
left. 12.17mag target. In terms of faint limits, DBIP can reach this
flux level foraV = 17.2 mag source with a 15 minute exposure
time. Once both beams of the four images required to determine
the linear polarization are combined, DBIP can measure percent

aperture. A benefit of this is that DBIP only requires the central
1050 x 1050 pixels to be read out, reducing readout time to

~15 s. o . . C
. . : - . polarization with a photon noise error 80.03% on an indi-
To make this design as cost and time efficient as possible,”. . .
vidual measurement. Multiple sets of observations allow us to

we chose to Use as many existing materials as possm_le. T?{each Poisson noise errors00.015% for our standard stars.
mount our optics to the telescope, we used a mount fabricate . . .
Target information, as well as literature and observed values

e e L% 1290 for e petcent polrizaton (3 Pol) and h ange of poar-
y bedg zation @) are given in Table 1. The difference between the

and only required minor modification to support the Tek cam- observed and literature position angles are also given. It should

ol the Shuter and the removable stage was alered 1 suppollS, 9160 (et our measurements show that HD 64299 is po-
’ 9 bp larized at the 0.1% level. HD 64299 was first reported as an

the rotation stage and filter. We used a Newport PR50 series ; X o
rotation stage with the accompanying SMC100 controller to unpolarized standard by Krautter (1980) with a polarization of

0, 0,
rotate the wave plate. The PR50 model has a built-in rotaryO'OS/Oi 0.10% Turnshek et al. (1990) reported HD 64299 as

! ; . an unpolarized standard with polarization (in tBdilter) of

encoder allowing for tracking of the absolute position of the . o
. 0.151%=+ 0.032% These values are consistent (withinogP
rotation stage, as opposed to open loop models that can only
track the relative position to the device. The rotation stage has

an angular resolution of 0.0&nd a guaranteed absolute motion = see http://www2.keck.hawaii.edu/inst/Iris/polarimeter/polarimeter.html.

accuracy of 0.1 4 See http:/mww.naoj.org/Observing/Instruments/FOCAS/pol/calibration.html.
TABLE 1
STANDARD STARS WITH LITERATURE AND OBSERVED VALUES
Obs. Date Lit. Obs.
uT) Name V Mag. R.A. Decl. (% Pol.) Lit. 6 (% Pol.) Obs.6 Af

2007 Mar 23...... HD 64299 10.11 07 52 25.51-23 17 46.8 0.06+ 0.13 n/a 0.10+ 0.01 96.95+ 4.21 n/a

2007 Mar 24...... WD 1615-154 1240 16 17 55.25 —15 35 52.4 0.06+ 0.24 n/a 0.02+ 0.02 n/a n/a
NGC 2024-1 12.17 0541 37.85—-0154 36.5 9.65+ 0.06 135.47+ 0.59 9.70+ 0.02 145.34+ 0.05 9.87* 0.59
BD 12 5133 10.40 184001.70—12 24 06.9 4.37+ 0.04 146.84= 0.25 4.26+ 0.01 155.43+ 0.10 8.69% 0.27

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Literaturéavaleds for po
and unpolarized standards are taken from Fossati et al. (2007).

2007 PASP119:1126-1132



UH 88 inch TELESCOPE POLARIMETER 1129

03 [~ ---u T -

P_tot 1 1

02 - !

01

percent polarization
1
percent polarization

01

-0.2
-180 -90 [] 920 180 -180 -90 Q 90 180

rotation stage angle rotation stage angle

Fic. 3.—Measurements of the polarization of HD 64299 across a range of Fic. 4.—Measurements of the polarization of NGC 2024-1 across a range

Cassegrain rotation angleé®;andU measurements are with respect to the sky. of Cassegrain rotation angle®;and U measurements are with respect to the
sky.

with our observed measurementioi% + 0.01%  polarization; ) )
however, we are unable to determine at this point whether this ©aSSeégrain-stage rotation angles for HD 64299 and NGC 2024-
polarized signal is due to low-level systematics or is a true 1+ 'éSpectively. Because the polarization signal from HD 64299
signal. Note that the errors given are for Poisson noise only. Was Séen to be fixed with respect to the sky when the Cassegrain
Systematic errors in our instrument are discussed below. Ward|eSt29€ was rotated, and not with respect to the instrument, the
& Kronberg (1974) discussed in their appendix the effect of measured polarization is not due to an inherent systematic error
the non-Gaussian distribution of errors on the measurement ofc'€ated by one of the optical elements (e.g., the fllter)’. In order
percent polarization and angle of polarization. These effectsto.dlfferentlaf[eapolarlzatlon induced by thetelescopgsmlrrors
are important for low to moderate signal-to-noise ratios (S/Ns); With @ true signal, observations of a number of polarized stan-
however. our observations areSN ~ 3500 . well above this dards with a range of position angles is required. This will be

regime. Thus, these effects have not been incorporated in out® 902l of a future calibration campaign using this instrument.
quoted errors of percent polarization. We find that there are variations in the polarization measurement

Based on our observations of the two polarized standardWith rotation, with an amplitude d@.08%=+ 0.03% for &10%

stars, we find an offset in the angular alignment of the optics Pelarized source an@.04%:+ 0.02% for &0.1% polarized
to be 9.23 + 0.32 in the positive direction (east of north), Source. Thissystematic error, however, does not change
where the error in this measurement is dominated by the errorsSM00thly with instrument angle, nor are the variations the same

on the literature values of angle of polarization. This offset of fOr Poth targets. Thus, until we perform further observations

9.23 should be subtracted from all angular measurements be-W& ¢&n only quote an estimated amplitude of order 0.66%

fore analysis. Our observations of WD 161854 result in a 0.02% for our systematic errors. This error includes effects
percent polarization measurement0od2%+ 0.02% , consis- T0M the telescope mirrors as well as from any misalignment
tent with a zero result and indicative of low-to-no systematic " the optics or dust on the optical surfaces. This source of
increase in polarization due to the optics. error is larger than the photon Poisson error and will affect

The Cassegrain stage on the UH 88 inch telescope has thébsolute polarization measurements and limit our accuracy
ability to rotate, allowing the angle of the instrument on the When compared with literature values; however, relative po-
sky to be changed. Restrictions due to cabling only allow cov- larization measurements should be unaffected by this error. In

erage over the range ef75° to 150 from north, but because addition, we see no systematic depolarization that would in-
of the 180 symmetry in the polarization vect(;rs this is suf- dicate retarder-like behavior from the filter, or deviation from

ficient to develop a full model of the polarization with instru- 0-> Wave retardance in the wave plate at a level greater than

ment rotation and thus investigate any residual polarization the above quoted limits.

signal imparted by the telescope’s primary and secondary mir-

rors. We took measurements of HD 64299 and NGC 2024-1 4. IMAGE REDUCTION

across the range of instrument rotation angles to test for this Analysis of the data taken during the commissioning run is
signal. Figures 3 and 4 show the changes in the fractionaldone using IDL. Images are loaded in blocks of four (Q1, Q2,
polarization ofQ, U, and the total polarizatio® for various U1, U2), matching the pattern in which they were obtained by
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Fic. 5.—Typical PSF for a target object centered at 0, with its orthogonally ~ Fic. 6.—Same as Fig 5, but zoomed in to show detail at the edges of the
polarized component visible beyond 20. The solid line shows example data, wings. Note that the20 x 20 pixel box includes more flux than the two-
and the dashed line indicates a best-fit two-dimensional Gaussian model. Thedimensional Gaussian PSF model, while avoiding any contamination from the
dotted vertical lines indicate the region that the flux is summed over for our orthogonal component.
calculations.
or ~20 counts over the region the signal is summed over, while
the Poissonian error of the signal is of ord&00 counts. Thus,
"the shot noise dominates our photometry error. This median
background count is subtracted from each pixel.

We then calculate the total fractional polarization for both
stheQ and U states, using the equations

the camera control script. The designations Q1, Q2, U1, and
U2 represent, respectively, wave-plate rotation angle6°of
45°,22.5, and67.5 with respect to the Savart plate orientation.
The user is then required to click on the northernmost image
of the target in the displayed frame, this being the only user-
dependent section of the reduction. The program then center
on both images of the target, subtracts off the appropriate region QL+ Q2 1(Sw—-S S — S
of the bias image, and sums the signal iB0ax 20  pixel box q= = —( 1o e =N 2”)
around the target. This traces to a b&x¥’ on a side, which 11+12 2\ T Sop S T S
encompasses the & radius of the PSF given a worse-than-
average seeing of”1The box around the orthogonal beam
begins at the 1% radius, meaning the cross-contribution be-
tween the beams is minimal. Figure 5 shows a comparison
among sample datasqlid line), a best-fit two-dimensional
Gaussian PSHlashed line), and the limits of th0 x 20 pixel

_ Ul+uU2 _ }(Sle_Ssz_SJln_SJZn)
- |1+|2 _2 Sle+S.JZp SJ1n+SJ2n ’

whereSis the signal in an image arglandn subscripts refer

box. Although the PSFs are aligned in tpelirection on the ~ [© the positive (northern) and negative (southern) images, re-
CCD, we have shown cuts in thedirection to better illustrate spectively. The fractional polarizatiomsandu are equivalent

the overlap between the beam-split PSFs. In Figure 6 we show(? Q/! @ndU/l without assuming constant seeing or extinction
a close-up of the edges of the PSF wings, with both the fit and between images. It is trivial to show that, using th|s_reduct|on
the box cut displayed as above. The data drop to a level com-me_thOd’ flat-f_|eld effects are canceleq Ol_J'F' assuming the_lo-
parable to the background noise before reaching the orthogonafation of the image has not changed significantly between im-
beam’s integration box, meaning that beam cross talk is not ad9es and thus the flat fields at, e.Q1p a2p , are the
significant systematic error. This is dependent on both the fo- Same.
cusing of the telescope and the seeing during the observations.
Our commissioning nights had a seeindldf’ , which is worse 5. OBSERVATIONS OF 16 PSYCHE
than average for Mauna Kea (averageO#’ ), meaning that During the dates of DBIP’s commissioning, the Main Belt
bleeding between the PSFs will not be a problem for most asteroid 16 Psyche, an M-type object, was near its phase of
observing nights. maximum negative polarization (Broglia & Manara 1992; Gior-
The background level is determined by taking the median of a gini et al. 1996). We observed Psyche to show an overall po-
box of 60 x 60 pixels in the direction away from the oppositely larization of —1.037%= 0.006% where a negative polariza-
polarized beam. The error on this mediar-&5 counts pixel’, tion value refers to polarization parallel to the Sun-object-Earth
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TABLE 2
16 PSYCHE POLARIZED MEASUREMENTS
Obs. Date Mean o Measured Pol.
uT) Mean R.A. Mean Decl. V Mag. (deg) (%)
2007 Mar 23...... 10 41 25 09 31 10.77 7.2 —1.026 = 0.009
2007 Mar 24...... 10 40 45 09 36 10.79 7.5 —1.048 + 0.008

NotEe.—Units of right ascension are hours, minutes, and seconds, and units of declination
are degrees, arcminutes, and arcseconds.

plane and a positive polarization refers to polarization orthog- 165 and thus a pole angle of §@vhile during the observations
onal to this plane. The error quoted here is noise-related onlyof Broglia & Manara (1992) Psyche was at an ecliptic longitude
and does not account for any systematic offsets. The cause obf A ~ 74° and thus a pole angle D9 (Giorgini et al. 1996).
negative polarization is second-order scattering of the light by Because our viewing orientation of Psyche is more pole-on
particles on the asteroid’s surface (Muinonen 1989). Table 2 than that of Broglia & Manara (1992), it is expected that we
lists the mean right ascension and declination of Psyche onwould see less variation across the surface with rotation than

each night of observing, as well as the apparéntnagni- those authors. Because polarization is linked to albedo and thus
tude, the mean phase angle),( and the measured percent surface properties, this may explain our null result in looking
polarization. for rotational variation in Psyche’s polarization. Conversely, if

Previously, Broglia & Manara (1992) reported variations in the region of Psyche’s surface that generated the polarization
the polarized light curve with amplitude 6f0.12% at a 95%  oscillation is in Psyche’s southern hemisphere, it would have
confidence level. We observed Psyche during the commission-been observable during the observing period of Broglia & Man-
ing to verify this measurement at a greater confidence level.ara (1992), but not during ours.

However, we are unable to detect any modulation of Psyche’s
polar_ization Wi_th_rotatiqn phase at any confidence fo0al% 6. CONCL USIONS
amplitude variation. Figure 7 shows the data from the two
nights of observing wrapped onto a rotation period of The Dual-Beam Imaging Polarimeter, a new instrument
0.174831days (Broglia & Manara 1992). Our observations are available on the University of Hawaii 88 inch telescope using
consistent with a constant polarization ©..037% and limit ~ the Tek camera, has been commissioned in half-wave setup
any amplitude of variation t&0.05%. It is possible that the —and is now available for facility use. We find that DBIP is able
discrepancy between our measurements and those of Broglid0 measure percent polarization fova- 10.8 ~ mag source with
& Manara (1992) could be the result of changes in pole ori- an exposure time o3 s to accuracies of 0.03% from a single
entation. De Ange”s (1993) measured Psyche’s p0|e orientationset of the four observations required to determine the linear
to be A\~ 35,8~ +22 in ecliptic coordinates. During our Stokes parameters. This level can likewise be reached for a
observations Psyche was at an ecliptic longitude\oE V~12.2mag target in~9 s to a limit ofV = 17.2 mag for a
15 minute exposure time. These measurements are independent
' ' ' ' of flat-field, seeing, or extinction effects. Estimates of the sys-
o6 20070528 - tematic polarization offset due to the telescope’s mirrors place
* 2007.0 24 the errors aD.06% + 0.02% .

I We set an upper limit to the rotational variation of the po-
o8 ] ] larized signal of the Main Belt asteroid 16 Psychedd15%

{ much lower than previously published results. We postulate
ﬂ Iﬂ’l that this difference is due to changes in pole orientation from

Percent pol

=y
pc== ]

e
[
—eREE

ﬂ] previous observations.

{ DBIP was commissioned in full Stokes mode during 2007

{ { ] August, when a quarter-wave plate was installed in addition to
the half-wave plate, in order to provide sensitivity to both linear

{ and circular polarization using sets of six images at various

A4 ] rotation angles for both wave plates.
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