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ABSTRACT 

A new type of astronomical polarimeter is presented that 

incorporates a fused silica stress-birefringent modulator which 

simultaneously allows the selection of chopping frequency (~ 5 Hz) 

and spectral tuning (1 ~ .A ~ 2.5 J.lm) with very high modulation 

efficiency. Two integrating detector packages are discussed. The 

first uses a single germanium photodiode and HR polaroid analyzer 

and achieves a = 1% for a J ~ 14.5 object in 0.5 hr with the MMT. v 

The second package uses a 12 x 30 pixel HgCdTe array and MgF 
2 

Wollaston prism to provide four simultaneous polarimetric channels 

that properly eliminate the systematic errors resulting from 

"staring" mode operation. 

The instrumental polarizations of the MMT are calculated 

using Mueller calculus and experimentally verified. It is found 

that the hexagonal symmetry of the telescope cancels the large 

amplitude spurious polarizations that arise from the single "arms" 

and results in a polarimetric efficiency term that is a function 

only of spectral bandpass and not sky position. Therefore, the 

MMT behaves essentially like a clean Cassegrain telescope. 

The continuum polarizations of five isolated highly magnetic 

white dwarfs are investigated both observationally and 

theoretically. The most complete broad-band polarimetric survey 

throughout the spectral region o. 35 ~ .A ~ 1.65 J.lm is performed. 

An apparent correlation in the linear polarizations of 

Grw+7008247, GD229, and G240-72 is discovered. In addition, no 

evidence for time-dependent rotation of position angle is found 
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for any of the stars. Hydrogen Balmer photo ionization occurring 

from the magnetically-perturbed bound states into the 

Coulomb-Lorentz mixed quasi-Landau continuum is investigated with 

the aid of recent high field calculations. Finally, the continuum 

polarization of Grw+70oS247 is compared to models for cyclotron 

and inverse magnetobremsstrahlung absorptions in a dipolar field. 

The conclusion is that the continuum polarizations of these 

objects still eludes an exact description. 

New observations of BG C Mi reveal the first definitive 

discovery of polarized cyclotron emission in any intermediate 

polar and confirms that the long-held basic model of a 

magnetically accreting white dwarf is correct. The wave length 

dependence of circular polarization is found to increase rapidly 

into the near- infrared, from V ... -0. 25±0. 06% to V ""-1. 74±0. 26% and 
I J 

suggests a field strength in the cyclotron emission region near 

5-10 MG if the system scales directly with the AM Her stars. 



CHAPTER 1 

INTRODUCTION 
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One of the most fascinating aspects of astronomy is the 

application of a new instrument or instrumental technique to a 

scientific problem. The development of the instrument, 

interfacing it to the telescope, and performing the observations 

is really an undertaking in experimental physics and relies upon 

mechanical and electrical engineering, computer interfacing, 

optics, and data reduction techniques. On the other hand, the 

statement of the scientific problem and interpretation of the 

results is an endeavor in theoretical physics relying upon 

mathematics, computer modelling, and basic physics and chemistry. 

This dissertation represents an investigation that attempts to 

combine all of these attributes with the development of a novel 

near- infrared polarimeter and its application to the continuum 

polarizations of magnetic white dwarf stars. 

In particular, this scientific investigation focusses upon 

the continuum polarizations of two very different classes of 

magnetic systems. The first is the isolated highly magnetic white 

dwarf star, where the continuum polarization originates in the 

photosphere due to an opacity difference that is created for 

orthogonal senses of polarization (termed magnetic dichroism). 

The second system is a type of magnetic accreting binary (called 
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an intermediate polar), where the continuum polarization arises 

from cyclotron emission within the polecap accretion funnel but is 

presumably highly diluted due to the unpolarized accretion disk 

component of flux. 

Near- infrared (1 ~ >. ~ 3 Jlm) measurements of the continuum 

polarizations of each of these objects can provide a particularly 

powerful diagnostic tool. In the case of the isolated magnetic 

white dwarf, the origin of continuum polarization is not well 

understood and consists of an unknown admixture of bound-free, 

cyclotron, and inverse magnetobremsstrahlung absorptions. The 

extension of observations from the optical into the near-infrared 

is vital for establishing an observational database with 

sufficient spectral coverage to allow definitive conclusions to be 

formulated concerning the origins of continuum polarization in 

these obj ects . In addition, isolated magnetic white dwarfs are 

the only objects (besides neutron stars) which allow physicists a 

testing-ground for their calculations of atomic spectra in 

super-strong magnetic fields. Recent triumphs in explaining the 

bound-bound hydrogen spectra of Grw +70°8247 and PG 1031+234 

substantiate this fact. However, the description of continuum 

states and photoionization crossections remains an unsolved 

problem of the high-field hydrogen atom as well as an essential 

ingredient to the complete formulation of radiative transfer 

calculations in highly magnetized photospheres. 

The application of near-infrared polarimetry to the 

intermediate polar system attempts to answer a different question: 
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is the current model of a magnetic accreting binary system a 

correct one? For years, it has been postulated that intermediate 

polars consist of a magnetic white dwarf primary st~r onto which 

matter is accreted from a red dwarf secondary star. However, the 

field strength of the primary is presumably so small that it 

cannot prevent the formation of a hot unpolarized accretion disk. 

Therefore, the cyclotron emission originating within the polecap 

accretion funnel is strongly diluted by the accretion disk itself 

so that the polarized flux, which could be taken as direct 

evidence of the magnetic nature of these obj ects, has eluded 

detection until very recently when optical-red continuum 

polarization measurements have revealed that BG C Mi is magnetic. 

Near- infrared polarimetry of BG C Mi will extend these 

observations into a spectral regime where the hot unpolarized disk 

flux is decreased and the polarized cyclotron flux is increased 

thereby allowing greater detection sensitivity and wavelength 

dependent measurements to be made. 

Because of recent advances in germanium (Ge) and 

mercury-cadmium-telluride (HgCdTe) integrating detector 

technologies, the prospect of developing a highly sensitive 

near- infrared polarimeter- -to address these and other scientific 

questions--has never been better. Coupled with their packaging in 

high quality arrays, these detectors call for a completely new 

breed of near-infrared polarimeter that is optimized for "staring" 

modes and includes multi-channel operation for proper sky 

subtraction and the elimination of other systematic errors. 



16 
Each chapter of this work concentrates on a single 

instrumental or scientific problem introduced above and contains 

its own brief introduction, history, and conclusions. Chapters 2 

and 3 concentrate on the development of the polarimeter and the 

unique problems of using it with the Multiple Mirror Telescope 

(MMT) . In particular, chapter 2 describes the development of a 

near-infrared polarimeter featuring a new type of 

stress-birefringent modulator which simultaneously allows the 

selection of chopping frequency and spectral tuning. The 

instrument is designed specifically for use with integrating 

dete-;tors, and its natural evolution into a multi-channel CCD 

scheme is worked out. Additionally, the systematic errors of 

quarter-wave modulator polarimeters are discussed in detail. 

Chapter 3 discusses the instrumental polarizations induced by the 

unique optical geometry of the MMT. Not only does this chapter 

provide the justification for the near-infrared observations with 

the MMT for this investigation, it also lays the groundwork for 

the polarimetric description of multiple mirror telescopes in 

general. 

Chapters 4 and 5 concentrate on the scientific 

investigations. Chapter 4 establishes the first broad-

photometric-band continuum polarization survey of five isolated 

highly magnetic white dwarfs over the spectral region 

0.35 - 1.65 ~m. An in-depth discussion ot_the origin of continuum 

polarization is undertaken. Balmer photo ionization of hydrogen is 

qualitatively investigated by considering transitions from the 
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magnetically-perturbed bound states into the Coulomb-Lorentz 

quasi-Landau continuum. In addition, simple models for cyclotron 

and inverse magnetobremsstrahlung absorptions in a dipolar 

magnetic field distribution are compared to the continuum 

polarization of Grw +70°8247. Chapter 5 summarizes the first 

discovery of near- infrared polarized cyclotron emission in an 

intermediate polar (BG C Mi) and confirms that the long-held basic 

model of a magnetic accreting white dwarf is correct. 



CHAPTER 2 

A COMPUTER CONTROLLED NEAR~INFRARED POLARIMETER 

FEATURING A NEW TYPE OF STRESS-BIREFRINGENT MODULATOR 

18 

Since the discovery of interstellar polarization (Hall 1949, 

Hiltner 1949), optical polarimeters have rapidly evolved to the 

point of routinely measuring polarizations to 1 part in 104
• 

Largely responsible for this rapid growth were pulse-counting 

photomultiplying detectors, clever modulation schemes, the 

availability of a wide range of waveplate and modulator materials, 

and prism analyzers with very high efficiency. 

Almost the entire spectrum of optical modulation techniques 

have been incorporated into near infrared polarimeters, and InSb 

is the dominant detector material. Although Kemp et al. (1977) 

have used InSb operated in a high sensitivity mode at 4°K (the 

detector is described in Rieke et al. 1981), in general, its 

application in polarimeters has been confined to either liquid 

(77°K) or solid (53°K) nitrogen temperatures. Typically, 

instruments discussed in the literature acheive polarimetric 

3 
accuracies of 1 part in 10, and nearly all are single channel 

implementations. Except for efforts with germanium by Kemp (Kemp 

and Swedlund 1970, Kemp and Rudy 1976), existing po1arimeters are 

based on non- integrating designs. In recent years though, the 

performance of high sensitivity integrating infrared detectors has 
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increased dramatically, and coupled with the advent of integrating 

arrays, a new family of near-infrared polarimeter designs is 

warranted. 

This chapter concentrates on the development of a new' type of 

astronomical polarimeter which takes advantage of the new class of 

integrating germanium detectors and a new mode of stress-

birefringent modulation. The natural evolution into a 

multi-channel hybrid CCD scheme is discussed and promises to 

remove many of the systematic errors inherent in single channel 

designs, "7hile, simultaneously increasing the efficiency through 

the simultaneous observation of background. 

Section A describes a brief review of near-infrared 

polarimeters. Sections B, C, and D discuss the development of a 

germanium photodiode polarimeter that incorporates a fused silica 

static-stress birefringent modulator and HR polaroid analyzer. 

The modulator is capable of producing a square-wave polarimetric 

modulation of over 95% from DC to 2 Hz and quarter-wave 

retardation at wavelengths as long as the K photometric band (2.2 

/lm) . Thus the modulator readily accommodates the new class of 

integrating infrared detectors. In its current configuration, 

using an HR polarization analyzer and a single germanium 

photodiode detector, the polarimeter achieves an uncertainty in 

circular polarization of 1% for a J=14. 5 magnitude obj ect in 

one-half hour (including sky time) with the SAO-SO Multiple Mirror 

Telescope (MMT). Section E evaluates the systematics of one and 

two channel polarimeter designs as well as an oblique reflection 
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between the modulator and the analyzer which permits the use of a 

side-looking dewar and cold analyzer. Finally, section F 

summarizes the development of a four channel point source detector 

package centered around a MgF Wollaston prism analyzer and 32 x 
2 

32 pixel HgCdTe array. When fully implemented, the array system 

will perform at least four times more efficiently and have better 

statistical performance compared to the germanium system now in 

use. 

A. Review of Previous Near-Infrared Polarimeter Designs 

Many fine near-infrared polarimeters have been built, and we 

would briefly like to review several of these designs and 

techniques with an eye towards identifying the major advantages 

and disadvantages of each. 

Rotating Analyzers 

Perhaps the most straight forward design of a polarimeter 

incorporates a rotating wire grid or HR polaroid analyzer. Very 

high polarimetric efficiency may be obtained for 1 :s A :s 1.8 

microns (~m) with an HR polaroid and for A > 1.2 ~m with a wire 

grid. Several successful designs have used this scheme: Forbes 

1967, Dyck et a1. 1971, Okuda et al. 1974, Blanco et al. 1976, 

Rosen & Joseph 1978, Cox et al. 1978, Kobayashi et al. 1980, and 

Impey et al. 1982. 

Besides simplicity, there are several maj or advantages to 



this design. 
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Linear to circular conversion (Lee) is practically 

non-existent for polaroids (Kemp et al. 1972). As a result, these 

polarimeters analyze for linear polarization in the presence of 

strong circular polarization quite reliably. Polarizers have 

large acceptance angles eliminating collimation requirements. 

They have high modulation efficiencies, reasonable throughputs, 

and the rotation rate may be chosen to accommodate a given 

detector. 

However, there are several disadvantages to these designs. 

Except in the case of an obliquely reflecting wire grid, only 

single channel designs are possible, and thus the analyzer 

throughput is always less than 50% and usually substantially 

smaller. Depolarizers must be used to minimize errors due to the 

dependence of detector sensitivity on polarization, and in some 

cases to allow for an oblique reflection to accommodate a 

side-looking dewar. This reduces throughput and may produce 

subtle systematics due to incomplete depolarization. Finally, 

analyzing for circular polarization is awkward. 

Rotating Retarders 

Another scheme incorporates a rotating half-wave retardation 

plate and fixed analyzer. Designs based on this scheme have come 

to represent some of the cleanest modern optical linear 

polarimeters (see e.g., Serkowski 1974). Successful infrared 

designs have been implemented by Bailey & Hough 1982, Kobayashi et 
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al. 1980, and Sajo 1983. Advantages are that a fixed analyzer can 

be utilized, thereby avoiding any inherent sensitivity of the 

detector to polarization and permitting the use of an inclined 

mirror to feed a side-looking dewar. In addition, rotating 

retarders easily accept two channels and can thus take advantage 

of highly efficient prism analyzer.s. Integrating detectors can be 

accommodated through the discrete rotation of the waveplate. 

Finally, circular polarization may be measured with the addition 

of a rotatable quarter-wave retarder. 

To date, the instruments discussed in the literature do not 

take advantage of an achromatic waveplate designed for infrared 

wavelengths. For obvious reasons, the Bailey-Hough optical/IR 

polarimeter incorporates an achromatic optical waveplate while the 

Kobayashi polarimeter makes use of several separate waveplates to 

cover individual photometric bands (the new Bailey polarimeter 

does incorporate a separate achromatic infrared waveplate--Bailey 

1987). Departures from exactly half-wave retardation produce 

systematics in the form of Q-U-V mixing (i.e. the tendency for the 

polarimeter to spuriously convert one incident polarization state 

into another) and are accentuated in single channel designs. This 

is discussed in greater detail below. Additionally, there is the 

problem of image motion on the detector as the waveplate rotates, 

though quality machining combined with the thinness of mica plates 

minimizes wander. Finally, the acceptance angle of waveplates is 

restricted (~< 10°; Kemp 1969). 
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Photoelastic Modulators 

Kemp (1969) introduced the stress birefringent or 

photoelastic modulator (PEM) into astronomy. This technique 

produces birefringence in an otherwise isotropic dielectric 

material through the application of mechanical stress. A bar of 

material (usually CaF , ZnSe, or fused silica) is brought into 
2 

mechanical resonance by attached transducers driven at the bar's 

fundamental frequency. Unfortunately, the natural resonant 

frequencies of typical-size samples of these materials are of 

order 50 KHz, and therefore require a tradeoff of the detector 

sensitivity for an increase in response bandwidth. Kemp et al. 

(1977) solved this problem by cascading two CaF PEMs. 
2 

Each is 

driven to a peak retardance just greater than quarter-wave and at 

a slightly different frequency (v and v+S). The resulting beat 

envelope is near one-half wave amplitude at the frequency 

difference S. The modulator lengths are adjusted to produce S ~ 

20 Hz, which is compatible with operation of photoconductive 

detectors at high sensitivity. 

There are many advantages to the resonant PEM as a linear 

polarization modulator. All of the advantages of the rotating 

retarder technique, discussed above, are retained. In addition, 

PEMs have the added advantage that optical elements do not rotate 

relative to the detector, eliminating systematics due to beam 

wander and detector non-uniformities. Because these modulators 

are naturally isotropic, the angular aperture is enormous (full 



cone :::: 50 , Kemp 1969). 
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By adj us ting the transducer throw, the 

retardance of a PEM may be tuned over a wide spectral region. 

Furthermore, a cascaded modulator can analyze for circular 

polarization without additional optics merely by operating one bar 

at a frequency harmonic (i.e. 2v + 5). 

On the other hand, several drawbacks are associated with the 

cascaded resonating PEM. Due to the presence of another 

oscillation (at either v+S or 2v+5), the retardance envelope is a 

Bessel function with a peak-to-peak modulation efficiency of 63% 

(55% at the first harmonic), and therefore a system spends much 

time de-tuned from optimum retardance. The result is substantial 

Q-U-V mixing. In addi tion, because of the very high resonant 

frequency in each bar, the beat frequency (5) is very sensitive to 

temperature variations within the modulator. A1 though 5 can be 

made arbitrarily small by precise shaving of the bar lengths, once 

set, it cannot be easily re-adjusted. Finally, PEMs are 

non-achromatic. 

B. The Static-Stress Birefingent Modulator: 

A New Mode for PEM Operation 

A stress -birefringent modulator can also be made to 

accurately track a waveform whose period is significantly slower 

than the mechanical equilibrium time of the substrate. For 

-1 
macroscopic samples of material, this time is r :::: 10 sec (Kemp 

1969), suggesting that a modulator could be forced to operate in 
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an' optimum square-wave fashion at frequencies commensurate with 

modern integrating detectors and at modulation efficiencies 

substantially better than the resonant PEM offers. 

The difficulty arises in the magnitude of the 

stress-birefringent coefficient of practical optical materials. 

For example, the longitudinal stress required to produce 

quarter-wave at A is approximately given by: 
o 

F 
M A 

y 0 

A 4 n r t 

where M is Young's modulus, r is the strain optical constant, n 
y 

is the index of refraction, t and A are the thickness and 

crossectional area of the substrate respectively, and F is the 

applied mechanical force. To produce quarter-wave retardance at 

I ~m in a 2.5 x 2.5 x 2.5 cm substrate of fused silica requires a 

force of about 2000 Newtons (N) or 1.25 A/N. This high power 

requirement is avoided in the PEMs of Kemp by the fact that in a 

vibrating bar, only a small fraction (l/Q, where Q is the 

mechanical inertia of the material) of the static force need be 

applied to sustain a strain vibration, so that piezoelectric 

crystals are adequate transducers. 

The static-stress birefringent modulator designed by Angel, 

employs leverage witLdn the modulator material itself to reduce 

the magnitude of the applied mechanical forces. After 

considerable experimentation, the design depicted in figure I was 

constructed. 
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Figure 1 

The fused-silica static-stress birefringent modulator. The 
device is 42 cm long by 2.5 cm thick and employs xlO internal 
amplification to reduce the magnitude of the force applied at the 
solenoids (S) to acheive a given retardance at the modulator's 
center. It operates at chopping frequencies ~ 10 Hz. 
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This four-armed cross originated as a 30 cm square x 2.5 cm thick 

slab of infrared-grade fused silica (TOBE manufactured by Amersil, 

Inc.) with the central 2 cm diameter virtually free of bubbles and 

inhomogenieties. Each arm was split down the middle and relieved 

at the end of the cut with a circular hole. Two pairs of solenoid 

actuators were epoxied to each arm and opposing arms wired in 

parallel. When electrical current is applied to these solenoids, 

the ends of the arms are drawn together, and the central region is 

placed under tension. The relief hole effectively acts as a 

fulcrum whereby through torque conservation, the force applied at 

the solenoids is amplified by a factor of ten near the modulator 

center. In practice, the device consumes 6 W of power to produce 

quarter-wave at I ~m compared to 0.05 W for the Kemp device. 

This is a good point to mention that R. Pawlicke- -a former 

student of George Rieke--invested an enormous amount of time into 

the construction of this modulator. Without his efforts, this 

chapter, and IRPOL, would probably not exist. Unfortunately, he 

left the project before the fruition of IRPOL. 

The operating characteristics of the modulator are quite 

good. The integrated retardance is shown (figure 2) as a function 

of central aperture diameter. Within a 10mm diameter, the 

retardance departs less than 3% from quarter-wave. In addition, 

the modulator can reach quarter-wave within 25 ms after an applied 

mechanical force with virtually no ringing and no contribution 
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Figure 2 

The integrated retardance of the static-stress birefringent 
modulator as a function of central aperture diameter. The 
modulator departs less than 3% from quarter-wave in a 10 mm 
diameter. 
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from the actuator pairs as their electronic time constant is very 

short. Figure 3 shows the effective modulation efficiency as a 

function of continuous chopping frequency. For frequencies less 

than 2 Hz, the device delivers modulation efficiencies over 95%. 

Near 20 Hz, the modulator has an efficiency similar to the Kemp 

beat-PEM. We have not noticed any significant variation in the 

operating parameters of the modulator from 0° to 25° C. 

c. The Instrument 

The optical/mechanical schematic for the polarimeter is 

depic ted in figure 4. There are four principal sections. A 

constant-path TV offset guider, the waveplate box, the modulator 

can, and the germanium cryostat (not shown). Each section is 

modular to facilitate operation of the instrument on radically 

different telescopes such as the Steward 2.3m and the MMT. 

J:Y Offset Guider 

The novel TV guider depicted tn figure 4 allows the movement 

of the pickoff mirror near the telescopes IS fo,:al plane without 

the necessity of re-focussing the optics and was the brain-child 

of R. J. Rudy- - to whom I am also greatly indebted. Mirror 1 is 

driven back and forth with a threaded rod and DC motor 

arranggment. The pickoff mirror 2 is constrained to move along a 

45° track while simultaneously forced to move with mirror 1. This 

right-triangle scheme leaves the optical path invariant 
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Figure 3 

The polarimetric efficiency of the static-stress birefringent 
modulator as a function of continuous chopping frequency. The 
device delivers very high modulation efficiency for frequencies 
less than 2 Hz and therefore accommodates integrating detectors 
very well. 
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To Cryostat 

Figure 4 

The optical/mechanical schematic of the polarimeter. Shown 
are the offset TV guider, rotatable (optional) quarter-waveplate, 
and the static-stress birefringent modulator. The cryostat is not 
shown. Mirror 2 deflects a guide star to the TV via mirrors 1 and 
3 and the field lens F. 
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independent of the pickoff mirror position. Thus a guide star can 

be selected from a portion of the rectangular patch oriented along 

the 45° track. The field lens F eliminates vignetting of the 

field edges. Mirror 3 deflects the beam to a camera lens which 

images a portion of the useable field (3' x 3' on the Steward 

2.3m) onto the TV cathode. 

The movement of the mirrors is controlled with a remote hand 

paddle incorporating status signals for mechanical and optical 

limits. The total guide area is 32 arcminutes2 and has never 

failed to acquire a guide star regardless of sky position or lunar 

phase. 

Waveplate Box 

In contrast to the Kemp cascade PEM, a single quarter-wave 

modulator requires an additional quarter-waveplate to analyze for 

linear polarization. In order to avoid lengthy time delays 

associated with the telescope's instrument rotator, we chose to 

rotate only the waveplate while analyzing for linear polarization. 

Rotation of the waveplate in 45° increments is accomplished with a 

DC motor and geneva gear mechanism. The motor is moved in forward 

and reverse directions with a transistor H-bridge circuit under 

computer control. An opto- interrupter encodes the motor shaft 

while another defines the home position of the geneva. In this 

fashion, the movement of the waveplate is entirely automated. We 

have three quarter-waveplates for use in the J, H, and K bands. 
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Modulator Can 

The modulator can houses our square wave stress-birefringent 

modulator discussed above. A crystal oscillator or computer TTL 

clock signal controls two solid state relays which chop power from 

a current-limited power supply alternately to the two pairs of 

modulator arms. In this fashion, the modulation can be 

synchronized with the operation of the detector. The entire can 

is lined with mu-metal to shield the detector electronics from the 

intense fields created by the solenoids. 

Below the PEM resides a 45° mirror which deflects the beam 

out of the instrument, through an HR polaroid, filter, and into a 

side-looking cryostat. While oblique reflections occurring prior 

to a fixed analyzer should in general be avoided, it is shown 

below that the systematic effects are negligible for the proper 

orientation of the mirror and modulator axes. The analyzer could; 

however, have been placed prior to the mirror, but this would have 

precluded the use of a cold analyzer contained within a 

side-looking dewar. 

Germanium Detector 

The polarimeter is currently operated with an integrating 

germanium photodiode. Advances in both germanium and amplifier 

technology make this diode at least ten times more sensitive than 

those used in the mid 1970s. The very high one-micron sensitivity 

combined with the implementation simplicity of a non-thermally 
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sensitive detector led to a quickly completed engineering phase 

and rapid access to science. 

The basic integrating amplifier circuit (figure 5) is 

modelled after the design of Low (1984) and was constructed 

chiefly by M. Lebofsky, E. Montgomery, and C. Walker-Phillips for 

use as a near-infrared photometer. Briefly, a differential pair 

of JFETs is operated in a source-follower configuration. The 

reference and source signals are subtracted with a JFET op-amp 

comparator, amplified, and fed into an ADC connected to the 

instrument computer. The diode is reset with an enhancement mode 

p-channel MOSFET switch. The methods employed in the noise and 

gain calibration of the detector are found in appendix A, part I. 

More complete information on germanium photodiodes and this 

amplifier scheme can be found in Elston et ai. (1987). 

D. Operational Specifics 

Figure 6 summarizes the J and H filter bandpasses, 

atmospheric absorption, and germanium detector response. Due to 

the abbreviated response of this detector for wavelengths longer 

than 1.6 ~m, our H band is substantially bluer and narrower than 

the norm. 

To achieve a high tolerance to guiding errors and detector 

non-uniformities, the telescope primary is imaged onto the 

photodiode. Combined with a generous aperture size, guiding 
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Figure 5 

The germanium integrating amplifier circuit. A differential 
pair of JFETs is operated as a source follower. The output of the 
JFET comparator and amplifier is fed into a computer. The diode 
is reset with an enhancement mode MOSFET. The design is by Marcia 
Rieke, Earl Montgomery, and Connie Walker. 
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The atmosphere, diode, and effective J and H spectral 
bandpasses as a function of wavelength. The bandpasses do not 
include the HR polariod ("" 20% efficient). The germanium diode 
severely limits H-band performance. 



errors are greatly reduced. 
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Since the diode is insensitive to 

thermal radiation, baffling is acheived with the warm telescope 

iris diaphragm. The methods of data reduction incorporated are 

described in appendix A, part II. 

Absolute Throughput 

The photometric efficiency in the J band is calculated using 

the absolute flux calibration of Camp ins , Rieke, and Lebofsky 

(1985). Upon comparison with the fluxes obtained for several 

infrared photometric standards from the Elias et al. (1982) 

catalog, the photometric throughput is calculated to be 

approximately 5%. A plausibility check is performed in table 1 

(Note: this efficiency should not be confused with the 

polarimetric efficiency which is a statement of how efficiently 

the throughput is utilized for polarimetric observations). The 

two calculations agree quite well, and it is evident where 

improvements can be made: 1) anti-reflection coatings on detector 

and optics and 2) utilization of two channels with a more 

efficient analyzer. In fact, these improvements could increase 

the throughput by a factor of five! 

Telescope Performance 

The greatest sensitivity with the instrument has been 

achieved with the SAO-SO MMT. The next chapter will show that the 

symmetry of this telescope cancels the spurious polarizations 
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Element 11 Surfaces Transmission How Obtained 

PEM 2 .92 Refl. from SiO 
2 

Mica Waveplate 2 .94 Flux in vs. flux out 

Mirror 1 .98 R for Au (~ - 45°) p 

HR Polaroid 2 .20 Polaroid catalog 

Relay Lens 4 .85 Refl. from SiO 
2 

J Filter 2 .75 Cary 14 Spectrometer 

Dewar Window 2 .96 Ref1. from CaF 
2 

Fabry Lens 2 . 92 . Refl . from SiO 
2 

Ge Photodiode 1 . 64 Refl . from Ge (n = 4) 

Totals 18 6.0% Expected Efficiency 

Table 1 

The component efficiency of the germanium polarimeter. It 
confirms the 5% throughput calculation (performed above) using 
flux standards. 



induced by the tertiaries and beam combiner. 
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In its current 

state, the polarimeter achieves aV 1% in one-half hour 

(including sky time) for a J=14. 5 magnitude obj.ect with the MMT. 

The instrumental polarization in a single channel 

has been measured to be 0.1% ± 0.03%. When results are combined 

from both analyzer orientations, the instrumental polarization is 

less than 0.05%. The effective polarimetric efficiency of the 

instrument in each of the J and H bands is approximately 92% for 

chopping rates of 2.5 Hz and lower. 

Experience has shown that under photometric conditions, 

modulator frequencies of 0.2 Hz combined with star/sky beam 

switching frequencies of 0.1 Hz yield polarimetric accuracies near 

0.2% in the J and H bands. In the presence of haze, light cirrus, 

or poorer seeing, frequencies of 1-2 Hz are required for similar 

polarimetric accuracy. McLean (1987) typically modulates IRCAM in 

the imaging polarimetry mode at 0.1 Hz. Bailey (1987) has 

suggested that considerable improvement in the polarimetric 

accuracy may be expected for much higher chopping frequencies. 

Proper operation of the instrument was verified by observing 

several polarimetric standard stars (summarized in table 2). We 

have not emphasized accurate determination of the linear 

polarization of these stars, because they are mainly used as 

position angle calibrators. The observed polarizations (P ,~) of 
o 0 

these interstellar standards are consistent with polarizations 

(P ) given by the Wilking modification (Wilking, Lebofsky, and 
w 

Rieke 1982) to the Serkowski law (Serkowski, Mathewson, and Ford 
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1975). 

Object P % a % P % a % -0
0 0 Band 

0 p w p 0 a-o 

HD 245310 2.29 0.08 t t 146 1 J 

HD 245310 1.72 0.20 t t 146 3 H 

HD 155528 2.44 0.23 2.70 0.20 93 3 J 

HD 236954 2.89 0.29 3.36 0.20 111 3 J 

HD 183143 2.81 0.21 3.35 0.10 179 3 J 

Table 2 

Comparison of observed and Wilking interstellar linear 
polarizations. 

t P A not available. 
max' max 

Of these, only one star (HD 183143) overlaps the list published by 

Bailey & Hough (1982). They found P - 2.74% ± 0.03 @ 1760 ± 1. 
J 

E. Systematics 

Before proceeding, it is wise to examine the systematics that 

can result from this type of polarimeter. Systematic errors 

originate from many different sources such as non-uniformities, 

beam wander, and guiding variations. However, in this section, we 

shall concern ourselves with only two types: 1) optical 

mismatches or departures of the modulator and waveplate from 

quarter-wave retardance, and 2) an oblique reflection between the 

modulator and analyzer. Systematics caused by both effects can 

produce Q-U-V mixing (i.e. the spurious re-distribution of energy 

from one Stokes parameter into another), affecting the ultimate 

performance of the instrument. For example, these effects can 
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cause the instrumental efficiency and observed position angle of 

polarization to be dependent on the input angle (Schmidt 1978). 

Another problem is the measurement of linear polarization in the 

presence of strong circular and vice versa. This condition is 

exhibited by some high field magnetic white dwarfs for instance. 

In all cases, we must understand the circumstances that minimize 

the systematic errors. 

In this section, observing procedures will be identified that 

minimize the systematic errors under a variety of observational 

conditions. These include the use of two channels (or the 

rotation of the analyzer), multiple waveplate positions, and 

rotations of the instrument. Using these procedures, the 

instrument need not be tediously calibrated by producing tables of 

efficiency and position angle error vs. input parameters. Even 

so, these tables would break down when both V and P exist in 

comparable amounts. 

To accomplish this task, the instrument is modelled with 

Mueller matrices to obtain analytic expressions for the observed 

Stokes parameters. As such, these results apply equally well to 

optical Pockels cell polarimeters such as those by Angel & 

Landstreet (1970), Schmidt, Angel, & Beaver (1978), and Miller, 

Robinson, & Schmidt (1980). 

To illustrate the systematics, a system with a retardance 80% 

of optimum will be modelled (i.e. ~ 0.2 waves). The analysis is 

simplified by assuming that both channels of the polarimeter are 

exactly balanced. Because we desire an understanding of how the 
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systematics vary as a function of input polarization, the output 

polarization and position angle (where applicable) of the 

instrument will be modelled as a function of the input position 

angle of linear polarization. In this fashion, it is possible to 

clearly understand the magnitude of each effect. 

In particular, it will be shown that a polarimeter whose 

optics depart only 20% from optimum quarter-wave retardation has 

substantial systematics in anyone channel. Further, it is shown 

that, in two channel designs, the AC components of the systematics 

undergo dramatic cancellation. However in this case, the net 

effect of non-optimum retardance is to produce a DC depolarization 

with a small AC error that is a function of input position angle. 

These arise because in anyone channel, the flux from a given 

Stokes parameter is spuriously re-distributed into the other 

Stokes parameters (i.e. Q-U-V mixing), and although the second 

channel suffers the same fate, it mixes out of phase with the 

first causing the AC components to be greatly reduced. However, 

because energy is tied up into mixing and incomplete cancellation, 

the final result is depolarized and rippled. 

Analysis Qf Circular Polarization 

For a given orientation of the modulator, fluxes from its two 

states yield a fractional measurement of the circular 

polarization. Expressed in a coordinate system where the azimuth 

of the analyzer is 0°, it is: 
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V sin(~) sin(2p) 

where I, Q, U, and V are the incident Stokes parameters, ~ and p 

are the retardance and azimuth of the modulator. Clearly, even 

for a perfectly quarter-wave modulator, linear polarization 

contaminates the measurement. To eliminate the linear "leak" in a 

single channel polarimeter, the instrument (or analyzer) is 

rotated by 90° yielding: 

±V sin(~) sin(2p) 

I + Q[sin2(~~)cos(4p)+cos2(~~)J - U[sin2(~~)sin(4p)J 

where the ± represents either an instrument (+) or analyzer (-) 

rotation. When co-added, the AC components of either equation are 

greatly reduced. 

Figure 7 summarizes the systematics produced by a 

quarter-wave modulator with a retardance 80% of optimum (i. e. 

~=0.2 waves) analyzing for circular polarization in the presence 

of an equal amount of linear polarization. As this figure 

illustrates, for a single channel (7a), the output circular 

polarization is a strong function of the input position angle of 

the linear polarization. When both channels are combined (7b), 

the output circular polarization is a weak function of incident 

position angle of linear polarization. Finally, the rotation of a 

two channel instrument by 45° eliminates the dependence of output 

circular polarization on input position angle (7c). Therefore, 
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even two-channel polarimeters must be rotated by 45 to cancel the 

systematics properly. 

The effects of instrumental polarization are now addressed. 

For simplicity, consider the case where the object is not linearly 

polarized. When no instrumental polarization is present, rotation 

of either the instrument or the analyzer is an identical operation 

(except for sign). Instrumental polarization, however, cannot be 

eliminated by rotation of the instrument, because circular 

polarization exhibits azimuthal symmetry. The analyzer must be 

rotated so that both the sign and magnitude of the circular 

polarization change in accordance with the amount of instrumental 

polarization present. This is in contrast to measuring linear 

polarization where a 90° rotation of the instrument causes the 

linear Stokes parameters to change sign but not the instrumental 

component. 

Analysis Qf Linear Polarization 

Measuring linear polarization with a quarter-wave modulator 

requires an additional quarter-wave plate (placed prior to the 

modulator) which converts linear polarization into circular. For 

a given waveplate position, four fluxes may be measured--two from 

opposite modulator states and two from both analyzer orientations. 

For simplicity, we choose a coordinate system where the modulator 

axes are oriented at ±45°, and the waveplate positions are n·45° 

(n=O,l, ... 7). This constrains the analyzer to 0
0 

and 90
0

• Other 
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orientations are of course possible, but they unnecessarily 

complicate the algebra. Because waveplate positions that differ 

by 180
0 

are identical, 16 distinct flux measurements are possible. 

From these, eight fractional Stokes parameters may be calculated: 

Q =-
1 

U 
1 

Q -2 

U 
2 

I ± Q cos(/j,) 

~ Q sin(/j,)sin(/j, ) ~ V sin(/j,)cos(/j, ) w w 

I ± Q cos(/j,)cos(/j, ) ~ V cos(/j,)sin(/j, ) w w 

~ U sin(/j,)sin(/j, ) ~ V sin(/j,)cos(/j, ) w w 

I ± Q cos(/j,) 

± Q sin(/j,)sin(/j, ) ~ V sin(/j,)cos(/j, ) w w 

I ± Q cos(/j,)cos(/j, ) ± V cos(/j,)sin(/j, ) w w 

where /j, and /j, are the modulator and wavep1ate retardances; I, Q, 
w 

U, and V are the input Stokes parameters. Each equation 

corresponds to a wavep1ate position of 

respectively. The ±, ~ notation indicates results from separate 

analyzer positions (channels). 

Clearly, if /j, = /j, = 0.25 waves, no systematics are present, 
w 

and successive Q and U measurements are redundant. Therefore, 

independent of the number of channels used, only two wavep1ate 

positions separated by 45
0 

are required to measure the linear 

polarization. Other orientations serve only to increase the 
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signal-to-noise ratio. However, the instrument must be rotated by 

90° . 1 l' . to remove any Lnstrumenta po arLzatLon. 

If A = 0.25 waves and A ~ A, each measurement exhibits Q-V w 

or U-V mixing. That is to say that Q and U will not mix with each 

other (as in Q-U mixing), but each individually mixes with V. 

Hence, if the object is not circularly polarized, the systematic 

errors vanish. If V ~ 0, measurements taken at a given waveplate 

position must be co-added to those taken with the instrument (or 

analyzer) rotated by 90° in order to cancel the circular "leak". 

Thus two channel polarimeters naturally reduce systematic errors. 

The observed linear polarization is reduced by sin (A). w 

When A and A ~ 0.25 waves, all measurements suffer Q-U-V w 

mixing. Even in the absence of circular polarization, systematics 

are present. In general, all 16 fluxes are distinct. The 

analysis is now divided into two cases: 1) V - 0 and 2) V ~ O. 

In the first case Q-U mixing occurs. Figure 8 illustrates 

the systematics arising from various combinations of instrument 

positions, waveplate positions, and channels for A=A =0.20 waves. 
w 

The most dramatic improvement in accuracy arises from the 

utilization of both channels (8a). In anyone channe 1, the 

polarimetric accuracy is not increased by using more than two 

waveplate positions separated by 45° (8b). It is also apparent 

that AC components remain that have amplitudes of 3% of the degree 

of incident polarization. A signal- to-noise ratio of 33: 1 is 

required to resolve this error, so in general, this is not a 

problem. Further, the ripple amplitude asymmetry is such that no 
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o 30 60 90 120 
Input Position Angle (deg) 

150 180 

Figure 8 

The systematic errors of an 80% efficient quarter-wave 
polarimeter analyzing for linear polarization with V = O. The 
output linear polarization and position angle are shown as a 
function of the input linear position angle for two or four 
waveplate positions separated by 45° in two channels a) or one 
channel b). Further cancellation of the AC ripple is not possible 
with an instrument rotation because of the amplitude asymmetry. 
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other rotations of the instrument can improve the accuracy. The 

resulting DC depolarization is of order sin(~)·sin(~). w 

When V ;01 0, Q-U - V mixing occurs, and all 16 fluxes are 

unique. Therefore, both channels are essential for the proper 

elimination of the systematics. Figure 9 illustrates the case of 

measuring linear polarization in the presence of comparable 

circular polarization. The most significant reduction of the 

systematic errors results from the utilization of all four unique 

wavep1ate positions--whether in one or two channels (9a and 9c 

respectively). It is interesting to note that the resulting 

ripple error is suitably symmetric so that a 45° rotation of the 

instrument eliminates it. As before, the measured linear 

polarization is reduced of order sin(~)·sin(~). 
w 

An Oblique Reflection Between ~ Modulator and Analyzer 

It has long been known that any oblique reflection prior to 

a fixed analyzer produces spurious polarization. We shall not 

concern ourselves here with effects due to telescopes as they have 

been thoroughly covered in the literature (and chapter 3). 

Instead, we shall investigate the special case of an oblique 

reflection between a quarter-wave modulator and fixed analyzer. 

Motivation for commiting such a seemingly unthinkable crime 

resul ts from the need to accommodate a cold analyzer wi thin a 

side-looking dewar. 
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The systematic errors of an 80% efficient quarter-wave 
polarimeter analyzing for linear polarization with V = P = 0.71. 
The output linear polarization and position angle are shown as a 
function of input position angle for a) four waveplate positions 
from each of two channels formed by either the rotation of the 
instrument of analyzer, b) two waveplate positions from each of 
two channels, c) four waveplate positions from one channel, and d) 
two waveplate positions from one channel. 
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If the reflection must be prior to the analyzer, then the 

logical place seems to be immediately after the modulator. The 

method of Smith (1956) and Cox (1976) immediately comes to mind. 

It employs two oblique reflections from mirrors with their axes 

d b 900 h rotate y to one anot er. Theoretically, the cancellation 

of spurious polarization is near perfect. However, as Cox points 

out, the alignment criteria of this scheme make it prohibitive. 

As an alternative, consider pure circular polarization 

incident on the modulator; it will be converted into linear 

polarization oriented at ±45° to a modulator axis depending on the 

state of the modulator and the sense of the polarization. 

Therefore, if the mirror is rotated so that its axes (parallel and 

perpendicular to the plane of incidence) are coincident with the 

transmission axes of the modulator, no spurious polarization would 

be produced. However, the throughput in each channel would be 

reduced by the mirror's reflectivity R or R. It is not obvious 
S l? 

though, whether the system stays well behaved for arbitrary input 

polarizations. Moreover, it is unlikely that the mirror can be 

exactly aligned, and the effects of mis-alignment must be 

considered. 

Except for the mirror, suppose we have an otherwise perfect 

polarimeter (i.e. ~ 0.25 waves) and we are analyzing for 

linear polarization. The mirror can be expressed by a suitable 

matrix (see Jager & Oetken 1963, Borra 1976, Cox 1976, Macak 1979, __ 

West 1986 or chapter 3), and for two waveplate positions separated 

by 45°, two fractional Stokes parameters may be measured: 



U (11 12 + 1122 ) + Q (11 14 + 1124 ) 

Q ." 
1 

I (11 11 + 1121 ) V (11 13 1123 ) + + 

-Q (11 12 + 1122 ) + V (11 14 + 1124 ) 

u 
1 

I (11 11 + 1121 ) + U (11 13 + 1123 ) 

The six other possible measurements have not been reproduced. 

refers to a Mueller matrix element for the mirror, and: 

M +M 
12 22 

M +M 
14 24 

M +M 
11 21 

M +M 
13 23 

~(Rp-RS)cos(2~) + ~(Rp+RS)COS2(2~) + 

~ cos(6 )sin2(2~) 
P 5 M 

~ sin(6 )sin(2~) 
P 5 M 

1 1 
-(R +R ) + -(R -R )cos(2~) 
2 P 5 2 P 5 

~(R -R )sin(2~) + 
2 P 5 

cos(2~)sin(2<l» [~(R +R) -~ cos(6 )] 
2 P 5 P 5 M 
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11 
ij 

where Rand R are the intensity reflection coefficients parallel 
P 5 

and perpendicular to the plane of incidence, 6 is the retardance 
M 

of the mirror, and ~ is the mirror mis-alignment. 

As expected, when the mirror axes are coincident with the 

modulator transmission axes (~=O), Q1' Q2' U1, and U2 are reduced 

by R, and no systematics are added. 
P 

The other channel is of 

course reduced by Rs' 

However when ~ ~ O--as is likely to be the case--the mirror 

introduces spurious polarizations as illustrated in figure 10. 
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The systematic errors of a perfect quarter-wave polarimeter 
analyzing for linear polarization with a mis-aligned oblique 
reflection between the modulator and analyzer. This model is for 
a gold mirror at 450 incidence mis-aligned by 50 for A = 1.25 ~m. 
The output linear polarization and position angle are shown as a 
function of the input position angle for two channels utilizing 
two b) or four a) waveplate positions and one channel utilizing 
two d) or four c) wavep1ate positions. This figure illustrates 
!9at if the mirror is greatly mis-aligned, both analyzer channels 
and a complete cycle of the waveplate are required to obtain 
accurate data. In practice, the mirror can be accurately aligned 
resulting in negligible systematic errors even with one channel. 
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Here we have modelled an otherwise perfect polarimeter at a 

wavelength of 1.25 pm. A gold mirror, between the modulator and 

fixed analyzer is misaligned by 5° at a 45° angle of incidence. 

As seen, the systematics are large for all measurements except 

those that use all 4 wavep1ate positions in both channels (lOa). 

The DC depolarization produced by the mirror is M + M , and in 
12 22 

this case, the AC component is of order 1% of the incident 

polarization. Considering that the mirror can be aligned to at 

° least 1, and the systematics depend trigonometrically on the 

misalignment, both the AC ripple and DC depolarization will be 

very small. 

F. Array System 

More complete utilization of integrating detectors could be 

realized with multichannel polarimeter designs. Since the maj or 

motivation in using an integrating detector is to allow the 

accumulated signal to dominate sources of electronic noise, one is 

immediately constrained to relatively slow chopping rates. 

Therefore the influence of guiding errors and sky variations 

become intensified. 

It is evident that a minimum of four channels are ~equired to 

eliminate the systematic errors introduced by integrating systems. 

With two channel designs, errors arising from sky variations are 

eliminated by the simultaneous observation of both the star and 

sky beams in one polarization sense. However, the effects of 
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guiding errors are eliminated by the simultaneous observation of 

both polarization states of the star. 

We therefore decided to develop a four channel detector 

package for the polarimeter to operate in the spectral region 

1- 2.6 pm. Two channels each comprise the complementary 

polarization states of object and sky. To make the problem 

tractable, operation is restricted to point sources. Further 

constraints on the system include both a cold analyzer and cold 

pupil and field stops. Guiding and non-uniformity errors are 

minimized by imaging the pupil of each channel onto the array. 

Finally, to maintain high internal accuracy, it may be desirable 

to modulate on a time scale shorter than the well-fill time of the 

array, necessitating some form of periodic charge transfer and 

on-chip co-addition (charge sloshing). 

The detector consists of a 12 x 30 pixel HgCdTe array 

manufactured by Rockwell International. The array is a four-phase 

direct-injection hybrid device having HgCdTe photovoltaic 

detectors grown onto a CdTe substrate and attached with indium 

bonds onto a silicon CCD multiplexer. The pixels are 65 pm square 

with a 75 pm center-to-center spacing. The device offers both 

high quantum efficiency and linearity. It is operated at 77°K. 

Analyzer Selection 

It is most important to identify a highly efficient analyzer 

h 77°K. t at can operate at Since multichannel operation is 
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required, HR polariod is eliminated. An oblique wire grid design 

such as that proposed by Ekstrom et al. (1981) has the difficulty 

of imaging spatially orthogonal beams onto a single array. Though 

a Foster prism delivers higher efficiency than a wire grid, and 

has obvious design advantages in instruments like the Bailey-Hough 

(1982) polarimeter, it too suffers from the difficulty of 

re-combining the beams onto a single array. A Wollaston prism, 

however, could produce a good optical match if its effective 

divergence is of order one-half the array size. 

Table 3 shows the available birefringent optical materials 

arranged in order of decreasing birefringence as measured at the 

sodium line. Materials such as ca.lcite, ADP, KDP, and crystal 

quartz are eliminated because they either do not transmit through 

2.6 ~m or they have a large absorptance near 2.2 ~m. Both sodium 

nitrate and lithium niobate are very delicate. Though rutile 

possesses a high birefringence, it has a very deep absorption 

feature centered at 3 ~m, and therefore may inhibit the 

polarimeter's ability to work longward of the K band should the 

HgCdTe array be replaced in the future. Of the remaining three 

materials, MgF was chosen becaust~ of its durability, 
2 

transmission, and relatively low cost. 

high 

Operation of the Wollaston prism at 77°K suggests it should 

be air-spaced because uniaxial crystals have different thermal 

expansion coefficients parallel and perpendicular to the optic 

axis. Unfortunately, due to large air-to-glass reflection losses, 

an air-spaced MgF Wollaston prism cannot efficiently deliver a 
2 
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Material Formula n n t.n ,X (Jlm) 
0 e 

Rutile TiO 2.616 2.903 +0.287 0.45-4.3 
2 

Sodium Nitrate NaNO l.585 1.336 -0.249 0.35-3.0 
3 

Calcite CaCO l.658 1.486 -0.172 0.20-2.0 
3 

Lithium Niobate LiNbO 2.334 2.234 -0.0998 0.40-4.0 
3 

ADP NH PO l.479 1. 524 +0.045 0.14-1.4 
2 4 

KDP KH PO l. 510 1. 468 -0.042 0.20-l.4 
2 4 

Cadmium Sulphide CdS 2.334 2.352 +0.018 0.60-14.0 

Magnesium Fluoride MgF l. 378 1. 390 +0.012 0.11-6.5 
2 

Crystal Quartz SiO 1.544 1. 553 +0.009 0.16-4.5 
2 

Sapphire Al 0 l. 768 1. 760 -0.008 0.17-6.0 
2 3 

Table 3 

Common birefringent materials. Properties measured at the 
sodium line. Adapted in part from Serkowski (1974) and Driscoll 
(1978). The birefringence as a function of wavelength may be 
found in the latter reference. 
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Acting on an idea from Karl 

Lambrecht Company, tV'e tested the Dow Corning elastomer potting 

material called Sylgard 184 as a possible material with which to 

cement the prism. .Its index (1.42) matches MgF quite well, and 
2 

it is highly transmissive in the near infrared (figure 11). A 2 

cm square MgF 
2 

waveplate was cemented with Sylgard 184 and 

thermally cycled from room temperature to liquid nitrogen (77°K). 

No breakage or de-coupling occurred for cycle times ranging from 

over two hours to under five minutes. Taking the results of these 

tests as an indication that a MgF Wollaston could be cemented to 
2 

survive the harsh dewar environment, we had Cleveland Crystals 

Inc. manufacture a suitable Wollaston prism. 

Optical Configuration 

Figure 12 illustrates the optical design of a four-channel 

point-source detector package using a 12 x 30 pixel HgCdTe array. 

Cold pupil (P) and image (I) conjugates are produced by a relay 

lens. The field stop consists of two adj acent apertures each 

displaced from the system axis. Immediately following each 

aperture is a displaced field lens whose function is to produce 

unique pupils for the star and sky beams. The Wollaston prism 

then produces four pupils by splitting each beam pupil into its 

two constituent polarization states. The Fabry camera images all 

four pupils onto the array as shown. 
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Figure 11 

The optical and near- infrared transmission of Sy1gard 184. 
This elastomer provides high throughput over a large spectral 
range as well as high elasticity. The sample is ~ 0.05 rnm thick. 
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a) .Side view 

(

Wollaston 
Prism 

Fabry 
Camera 

Array 

b) Plan view 

The 
detector 
produces 
the MgF 

2 

Figure 12 

s., 
A 

:-... 

Face-on View 
of Array 

optical design for the four-pupil format HgCdTe array 
system. The side view shows how the split field lens 
unique star and sky beams while the plan view shows how 
Wollaston prism splits each of these to produce four 

beams. In this fashion, the system provides for the simultaneous 
measurement of the two constituent polarization states for both 
source and sky. 
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The optics have been designed from the beginning with high 

throughput in mind. Even though ZnSe (n-2.4) lenses are used for 

the field and Fabry optics (to minimize spherical aberration), 

figure 13 shows that high broadband transmission can be obtained 

with a single layer coating of sapphire. Table 4 summarizes the 

expected efficiency of the system. 

Element fI surfaces Transmission How Obtained 

Waveplate 2 0.94 Empirical 

PEM 2 0.92 Refl. from SiO 
2 

Mirror 1 0.98 R for Au (~=45°) 
p 

Relay 2 0.96 Refl. from CaF 
2 

Dewar Window 2 0.96 Refl. from CaF 
2 

Filter 2 0.75 Cary 14 Spctmtr 

Field Lens 2 0.94 AR coated ZnSe 

Wollaston 2 0.94 Refl. from MgF 
2 

Fabry Lens 4 0.89 AR coated ZnSe 

HgCdTe 1 0.70 Lebofsky (1985) 

Totals 20 32% Expected € 

Table 4 

Summary of the expected throughput of the HgCdTe dewar. 

Even though the array system has two more air-to-glass 

interfaces, it is 3 times more efficient per detector channel than 

the Ge system. Given that we will utilize four channels to obtain 
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The transmission of a single quarter-wave layer of Sapphire 
(1931 A) on Zinc Selenide showing that a simple anti-reflection 
coating can produce high efficiency over a large spectral region. 
Trace by Mike Lesser. 
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simultaneous sky, we expect an effective throughput of at least 

60%! 

Because the internal accuracy of the system may be increased 

by modulating on a time scale shorter than the well-fill time of 

the array (especially at J), the charge sloshing scheme depicted 

in figure 14 was devised. The technique is similar to that 

proposed by Stockman (see e.g., McLean 1980) except that our 

scheme involves data compression in the horizontal shift register 

and does not require masking of photosites. Pupils from each 

modulator state are stored in unique positions in the array. 

During an exposure, the two sets of four pupils are sloshed in 

synchronism with the modulator chopping frequency until the wells 

are filled to the desired levels. When the integration is 

finished, each pupil is compressed in the horizontal shift 

register before reading. Thus the entire array of data is reduced 

to eight numbers each with the read noise of a single pixel. We 

do not feel that the charge transfer efficiency of the array will 

be a problem for two reasons: 1) each pupil is moved only of order 

ten pixels (a very small number compared to shifting in an optical 

array), and 2) we intend only to slosh 4-5 times during a single 

integration. 

Expected Performance 

Using the performance characteristics of the 

Lebofsky-Rieke 2 ~m camera on the Steward 2.3m, we can predict the 
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Figure 14 

Charge sloshing scheme e~abling polarimetric modulation on a 
time- scale shorter than the well- fill time of the array for a) 
shift and integrate data collection and b) pupil 
compression/readout in the horizontal shift register. 
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approximate well-fill times due to sky for the polarimeter's 

array. The results are given in Table 5. 

Band Flux e1 
-1 ,,-1 Flux 5" ells Pixel fill HSR fill s 

K 5.3 10 4 
5.2 10 5 130 s 10 s 

H 1.3 10 4 
1.2 10 5 560 s 40 s 

J 885 8.7 10 3 7570 s 580 s 

Table 5 

Well-fill times for the HgCdTe polarimeter array. Column 2 
is the sky flux (including dark current 800 ells) obtained with 
the Steward 2.3m and Rieke 2~m camera. Column 3 is the expected 
flux through a 5" aperture in the polarimeter dewar. Corrections 
are made for throughput and plate scale differences between the 
two instruments. Columns 4 and 5 are the well-fill times for 
individual pixels of the pupil and all pixels compressed in the 
CCD's horizontal shift register. 

Using the absolute throughput calculation for the Ge dewar 

derived above, a J-16 obj ect on the 2. 3m imaged onto a single 

pixel will yield a flux equal to the dark current (800 ells) of 

the array. However, because each pupil consists of 16 pixels, and 

two pupils contain the photometric flux of an object, the dark 

current is 32 times higher. Therefore, a J=12. 2 obj ect will 

generate a signal equivalent to the dark current on the Steward 

2.3m with the polarimeter. Clearly, great sensitivity 

improvements can be made by replacing the array with a more 

currently constructed version or by utilizing four individual 

HgCdTe diodes. 
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G. Conclusions 

This chapter has descibed the first near-infrared polarimeter 

designed specifically for operation with integrating detectors. 

Central to the success of the instrument is a versatile mode of 

stress-birefringent modulator operation which simultaneously 

allows the selection of modulation frequency and spectral tuning. 

The instrument is modelled with Mueller matrices to identify 

observing procedures that minimize the systematic errors that 

occur from a variety of observing conditions. 

In an effort to extend the spectral coverage and optimize the 

statistical performance of the instrument with integrating 

detectors, the development of a mutichannel detector system using 

a HgCdTe array was discussed. The optics of the system are 

arranged to form four pupils on the array (or individual 

detectors) providing the simultaneous measurement of the two 

complementary polarization states for both source and background. 

This arrangement should be easily adaptable to optical 

polarimeters where it should also yield extremely high efficiency. 
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CHAPTER 3 

POLARIMETRY WITH THE MULTIPLE MIRROR TELESCOPE 

Measuring the electric field orientation of a 1% polarized 

astronomical source is equivalent to performing photometry on an 

object five magnitudes fainter. Therefore, a given project's 

scientific productivity is greatly enhanced through the use of a 

very large te lescope. The accessibility of the telescope is 

equally important, and therefore it is logical that the Multiple 

Mirror Telescope (MMT) represents an excellent choice for work at 

Steward Observatory. However, the MMT contains oblique 

reflections from the tertiary and beam combiner mirrors, and it is 

well known that oblique reflections prior to a fixed analyzer 

introduce spurious polarization. At first thought, the prospect 

of accurately measuring small polarizations with the MMT seems 

inescapably bleak. For example, although polarimetry can be 

performed at the Goude focus (see e.g., Borra 1976), the method 

produces insufficient accuracy for most scientific proj ects. On 

the other hand, the optical geometry of the MMT is not a function 

of sky position like Goude optics, and therefore the situation 

warrants closer examination. 

It is the intent of this chapter to investigate the 

instrumental polarizations of the MMT with an eye towards 

understanding the impact on the (incoherent) Stokes vectors. The 
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telescope is modelled by performing the appropriate Mueller 

calculus. The discussion and calculations begin with a brief 

review of the Mueller formalism as it relates to oblique metallic 

reflections. This leads to a discussion of the pertinent angles 

involved in modelling multiple mirror telescopes and includes the 

orientation of the telescope optics as well as the transformation 

of the equatorially-defined Stokes vectors of astronomical objects 

into the altitude-azimuth system of new generation telescope 

mountings. 

The entire formalism is combined to describe the MMT in terms 

of Mueller matrices. A Stokes analysis follows showing the output 

Stokes vectors as a function of hour angle as the MMT 

theoretically tracks an object in a known polarization state from 

horizon to horizon. A fascinating result is that the hexagonal 

symmetry of the MMT cancels the large amplitude sinusoids of 

individual telescopes and results in a constant depolarization 

that is a function only of wavelength and not sky position. In 

other words, the MMT behaves like a clean cassegrain telescope 

with an additional efficiency factor that is a function of 

spectral bandpass. These theoretical calculations are directly 

compared to actual polarimetric observations using the MMT. 

Finally, the study of the MMT ends with an investigation of a 

simple compensating scheme which is found to reduce the 

depolarization by an order of magnitUde. 
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A. Mueller Representation of a Metallic Reflection 

Several papers have presented matrix formalisms for 

representing metallic reflections (Ruben 1959, Jager & Oetken 

1963, Makita & Nishi 1970, Tinbergen 1973, Borra 1976, Macak 1979, 

and Garrison, Blaszczak, & Green 1980) so this review is brief and 

ties together the various formalisms. A mirror is represented by 

two polarimetric components--a retarder and a polarizer so that: 

I - P(p+900) • R(p) • I 
o i 

M(p) • I 
i 

where I and I are the input and output Stokes vectors 
i ° 

respectively. R(p) is a retarder whose fast axis makes an angle p 

with respect to the Stokes coordinate system and coincides with 

the mirror's plane of incidence. P(p+90) is a polarizer oriented 

at an angle p+900 with principal transmittance equal to the ratio 

of the mirror's intensity reflection coefficients perpendicular 

and parallel to the plane of incidence (R /R ) . 
s p 

For arbitrary orientation, the Mueller matrix of a mirror 

is: 

M(p) ~ T( -2p) • 1-1(0°) • T(2p) 

R +R R -R 0 0 
p s p s 

1 R -R R +R 0 0 
p s p s 

2 0 0 2..fRR' cos(ll) 2..fRR' sin(ll) 
p 5 P s 

0 0 -2..fRR' sin(ll) 2..fRR' cos(ll) 
p s p s 



where f!:,. ... 5 
p 
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5 is the phase difference between the p and s 

s 

electric field components and Rand R are the corresponding 
p s 

intensity reflection coefficients. T(2p) is the simple rotator 

matrix: 

1 o 0 o 

o cos(2p) sin(2p) o 

o -sin(2p) cos(2p) o 

o o 0 1 

where p is the angle between the mirror fast axis and the Stokes 

coordinate system. Table 6 summarizes the individual matrix 

elements of M(p) as M where i and j 
ij 

are the row and column 

respectively. Some applications may be facilitated with the 

actual matrices for R(p) and P(p) directly. These matrices are 

summarized in appendix B. 

Mueller Matrix Elements for a Mirror 

M .!.(R +R ) 
11 2 P s 

M 
12 

M 
13 

M 
14 

M 
21 

M 
31 

M 
41 

1 
-(R -R )cos(2p) 
2 p 5 

.!.(R -R )sin(2p) 
2 p s 

- 0 
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M M.,. [2:.(R +R) - .;RR' cos(6.)] cos(2p) sin(2p) 
23 32 2 P II P S 

M .,.-M 
24 42 

-.;RR' sin(6.)cos(2p) 
p s 

M ." -M "...(R'"""R' sin(6.)cos(2p) 
34 43 P s 

M .fRR' cos (6.) 
44 p s 

Table 6 

Mueller matrix elements for a mirror of arbitrary 
orientation. 

Following the theory of Drude (1959) , we obtain an 

expression for the phase shift (6.): 

tan(6.) - sin(q) • tan(2p) 

tan(q) ". k 

tan(p) .,. 
sin(lj!) tan(lj!) 

The phase shift includes a half -wave contribution th~lt expresses 

the coordinate inversion produced upon reflection, and n is the 

index of refraction, k is the absorption coefficient of the 

metallic layer, and Ij! is the angle of incidence. Here terms in 

sin2 (1j!) and any angle dependence of the optical constants are 

neglected. For a full treatment, see Macak (1979). The intensity 

reflection coefficients (see e.g. Clarke and Grainger 1971) are: 



R 
p 

R 
s 

(n - l/cos(</J)) 

(n + l/cos(</J)) 

(n - COS(</J)) 2 

(n + COS(</J)) 2 
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2 + k 2 

2 + k 2 

+ k 2 

+ k 2 

The optical constants for aluminum are obtained from Hass and 

Waylonis (1961) for the visual and Shiles et al. (1980; see Ordal 

et al. 1983) for the near-infrared. Optical constants perhaps 

more realistic for al~~inum are given by Williams (1982) and 

include a 40 A oxidation layer but were found to have a relatively 

small impact on these calculations for A > 4000 A. It should be 

emphasized that these calculations are valid only for uncoated 

aluminum, and therefore apply directly to the MMT. Some coatings 

used to enhance the reflectivity of metals can have disastrous 

effects on the telescope I s usefulness as a polarimetric device 

(Borra private communication). 

B. Mueller Description of a Multiple Mirror Telescope 

Any mirror can be represented by the integral of Mueller 

matrices over its surface. However, this is computationa:ly 

laborious, so to make the problem at hand tractable, the following 

simplifications are incorporated: 

1) Reflections from the primary and secondary mirrors are 

assumed to be normal and therefore do not modify the polarization. 

In actuality, these mirrors have azimuthal symmetry and thus only 
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introduce depolarization. 

2) The effects of non-collimation onto the tertiary and beam 

combiner mirrors are neglected. Cox (1976) has shown the effects 

of non-collimation to be small compared to the effects of oblique 

incidence for beams slower than f/10. The f/31 MMT beams are 

therefore consistent with this approximation. 

3) Inhomogenieties of the mirror surfaces (either in figure 

or variation of optical constants) are neglected. 

4) It is assumed that the overall reflectivities and time 

evolution of the optical constants are identical for each arm of 

the telescope. 

The following models are therefore obtained by tracing a 

single ray along the optic axis of each telescope arm. 

Furthermore, it is immediately apparent that arms diametrically 

opposite the telescope axis behave identically (called a mirror 

pair). 

So now, the output Stokes vector of a multiple mirror 

telescope becomes: 

I 
0 

where the sum (i) is over the telescope mirror pairs. I and I 
i 0 

are the input and output Stokes vectors respectively, lfc and 11t 

are the beam combiner and tertiary matrices, and T(-~) rotates the 

resultant vector into the polarimeter's coordinate system (where~ 

= p +offset). The angle (p) between the telescope (alt-az) and 

Stokes (equatorial) coordinate systems is shown in figure 15, 



where: 

sin(p) ... 

and 

sin(HA)ocos(rPt) 

cos(a) 
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sin(a) - sin(rPt)osin(S) + cos(rPt)ocos(S)ocos(HA) 

where p is the parallactic angle, rPt is the latitude of the 

telescope, and HA, a, and S are the hour angle, altitude, and 

declination of the astronomical source. 

C. Results and Discussion 

A program was developed that calculates the output Stokes 

vectors for the MMT as if it was actually tracking an object in 

the sky. Figure 16 shows the output of each MMT mirror pair for a 

100% linearly polarized object (at 4500 A) with a position angle 

of 0° (1. e. polarized entirely in Q) and a declination of 0° as 

the telescope theoretically tracks it from horizon to horizon. 

The result is shown in equatorial coordinates for simplicity (i.e. 

T(-~) neglected). 

Several conclusions are immediately evident. First, each 

mirror pair produces a sinusoidal- type output with an amplitude 

equal to a significant fraction of the object polarization. 

Further, a single mirror pair re-distributes energy (crosstalk) 

from the input Stokes parameter into the others in a manner that 
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Figure 15 

Spherical geometry involved in the transformation of 
equatorial Stokes vectors into the telescope altitude-azimuth 
coordinate system. The angle between the reference axis of each 
system is given by the parallactic angle p. 
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The output polarizations of the three MMT mirror pairs for an 
obj ect polarized entirely in Q as the telescope theoretically 
tracks the object. The sinusoids result from the rotation of the 
MMT mirror axes on the plane of the sky. The Tot dashed lines 
show the co-addition of the mirror pairs resulting in a constant 
depolarization that is a function only of spectral bandpass and 
not of sky position. 
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depends on sky position. As a matter of energy conservation, it 

is seen that when the output ... input, the crosstalk is zero. 

Second, the combined output (denoted by the "Tot" dashed line) for 

each Stokes parameter is constant and independent of sky position! 

In fact, the combined output simply depolarizes the object by an 

amount that depends only on the spectral bandpass. This 

represents a telescope polarimetric efficiency which arises 

because each mirror pair produces a crosstalk, and in a given 

Stokes parameter, crosstalks from all three mirror pairs compete 

to cancel each other thus wasting energy. This is a particularly 

important result because it proves that the MMT may be used for 

polarimetry without the invocation of inverse matrix calculations. 

Figure 17 depicts the theoretical efficiency of the MMT along 

with three experimentally determined values derived from 

polarimetric standard stars. For .A > 5000 A, the polarimetric 

efficiency is greater than 90%. The efficiency at all wavelengths 

may be increased to near 99% by introducing a waveplate into each 

optical beam that cancels the retardance of the beam combiner and 

tertiary mirrors. Because of the unique dependence of mirror 

retardance on wavelength, such compensators may be difficult to 

construct for broad optical bandpasses. 

It is now apparent that the MMT may be easily used to perform 

polarimetry provided one retains all of the flux from each mirror 

pair to allow for proper cancellation. Incomplete cancellation of 

the crosstalk produces errors by causing ripples in the combined 

polarimetric output, and the larger the crosstalk, the more 
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Figure 17 

The theoretical vs. experimental polarimetric efficiency of 
the MMT as a function of wavelength (~). For ~ > 0.5 ~m, the MMT 
is over 90% efficient. 



critical the flux matching must be. 
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Figure 18 summarizes the 

theoretical crosstalk as a function of wavelength. The three 

crosses on curve "a" were experimentally determined with standard 

stars. Curve "c" shows that the 1inear-to-1inear crosstalk (Q-U 

mixing) cannot be reduced completely with compensating retarders 

because they cannot eliminate the partial polarizing effects of 

the mirrors (i. e . R pi R). 
p s 

The bump near 1 p.m is due to an 

absorption edge of aluminum. 

The success of the MMT as a polarimetric instrument depends 

on the ability to retain all of the flux from each mirror pair. 

Figure 19 summarizes the polarization uncertainty that results as 

a certain fraction of the light from one mirror is lost. For 

A ~ 1.2 p.m (the J band), the very small errors signify that the 

polarimetric properties become independent of the telescope 

geometry. 

Further verification of this theory was obtained by 

observing several polarimetric standard stars with various 

interference filters using the MMT. Since the polarization, 

position angle, and coordinates of each standard are known, the 

output of each mirror pair can be computed and rotated into the 

polarimeter's coordinate system using the above equations. The 

polarization of each MMT arm was then observed by closing the 

irises of the others. Figure 20 shows a comparison of theory and 

observation for VI Cyg #12 at 5900 A. using the Octopol Pockels 

cell polarimeter. Agreement is quite good, and errors result 

because the optical constants of the aged mirrors are not well 
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Figure 18 

The maximum polarimetric crosstalk of the MMT showing a) the 
linear-circular crosstalk, b) linear-to-linear (Q-U) crosstalk, c) 
compensated Q-U crosstalk, and d) compensated linear-to-circular 
crosstalk. The solid lines show theory while the crosses are 
experimentally determined. 
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Figure 19 

The polarization uncertainty induced in the combined output 
as a function of flux loss of a single MMT mirror. For A > 1 ~m, 
the polarimetric performance is virtually independent of telescope 
geometry for aluminum coatings. 
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The theoretical vs. experimentally-determined instrumental 
polarizations of the MMT for >.. ~ 0.59 j.Lm. Letters and crosses 
denote the polarizations observed for each separate MMT mirror 
while the smooth lines are theory. 
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known, the polarimeter offset on the MMT is accurate only to 1 

and there is a spread in the observed polarizations of standards 

in the literature. It would be extremely important that each 

mirror coincide exactly with theory and that the time evolution of 

the optical constants be traced in exhausting detail if inverse 

matrix methods were needed to interpret the observations. 

However, the beauty of the results proven here is that the time 

evolution of the optical constants simply results in a change of 

the telescope's polarimetric efficiency and is readily determined 

by observing a standard star! 

Several practical aspects of using the MMT for polarimetry 

corne to mind.. The flux mismatch, and hence the absolute 

polarimetric accuracy, is really a function of how accurately the 

six mirrors can be focussed, stacked, and maintained taking into 

account the seeing profile. This is most critical for blue-

optical wavelengths since the crosstalk is so large. Therefore a 

larger instrument aperture is required to compensate for 

differential seeing effects, stack mismatchings, and focussing 

inadequacies. This increases the background flux and seriously 

intereferes with the MMT's ability to compete with smaller "clean" 

telescopes on faint obj ects. I t was shown above, though, that 

infrared observations are relatively insensitive to telescope 

geometry and therefore do not require large apertures. Finally, 

non-uniformities in reflectivity and optical constants will 

produce errors. 
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D. Conclusions 

Even though at first sight, it seemed like the MMT would not 

make a good polarimetric telescope, the results of this chapter 

have proven otherwise. It is true that the oblique reflections 

inherent in the beam combining scheme do introduce substantial 

spurious polarization, however the hexagonal symmetry of the 

telescope cancels these large variations and produces, instead, a 

polarimetric efficiency term that is a function only of spectral 

bandpass and not sky position. Futhermore, the efficiency, with 

an aluminum coating, is greater than 90% for >. > 5000 A, and 

almost 100% in the near infrared. The crosstalk over the same 

spectral interval is small enough to easily allow 0.1% polarimetry 

with a high tolerance for beam mismatching and stack decay. In 

the near infrared, the telescope behaves like a "clean" 

Cassegrain, while measurements for >. < 5000 A, require a set of 

compensating waveplates to increase the efficiency and decrease 

the crosstalk to acceptable levels. 

The polarimetric properties of multiple mirror telescopes are 

a strong function of the mirror coating. For example, gold and 

silver produce unacceptably high cross talks for >. < 2 ~m (due to 

their large optical and near-infrared phase shifts). Clearly for 

optical and near-infrared observations, aluminum is the preferred 

material. Gold and silver are best utilized for>. > 4 ~m. 

One can make a few simple projections about the polarimetric 

properties of future telescopes. On symmetry grounds, 
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cancellation of the spurious polarization also occurs for 3 mirror 

telescope designs. Two and four mirror designs require inverse 

matrix calculations for correct interpretation of the observations 

(see e.g., Garrison et a1. 1980 and West 1986). Fast fll 

paraboloids have azimuthal symmetry and therefore only introduce 

wavelength-dependent depolarization which is negligible in the 

optical and near-infrared for aluminum coatings and substantial 

for gold and silver. A treatment of the NNTT and Columbus project 

two-shooter is found in West (1986). 
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CHAPTER 4 

THE CONTINUUM POLARIZATION OF HIGHLY MAGNETIC WHITE DWARFS: 
NEW OBSERVATIONS AND SOME THOUGHTS CONCERNING ITS ORIGINS 

The production of continuum polarization in highly magnetic 

white dwarf photospheres was first conjectured by Kemp (1970a) in 

his theory of grey-body magnetoemission. This property of a 

highly magnetized thermal source produces an observable opacity 

difference between orthogonal senses of circular polarization 

(magnetic circular dichroism) and led to the discovery of the 

first magnetic white dwarf, Grw +70°8247 (Kemp et al. 1970). 

Thereafter, the 1970s was a time of intense interest in isolated 

magnetic white dwarfs. A wealth of new observations, discoveries, 

and theoretical frameworks were brought into fruition. A series 

of review papers summarizes these efforts (Angel 1977, 1978, 

Landstreet 1979, Garstang 1977, 1982, and Angel, Borra, and 

Landstreet 1981). 

The case of the magnetic white dwarf represents a unique 

union of physics and astronomy. Since magnetic white dwarfs 

9 possess fields up to 10 G, two orders of magnitude greater than 

those attainable under laboratory conditions, they give physicists 

a test-bed for their calculations of atomic structure in 

super-strong magnetic fields. Likewise, astronomers are 

challenged instrumentally, observationally and theoretically to 
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piece together the correct physical interpretation through the 

admixture of atomic compositions, field strengths, opacity 

mechanisms and radiative transfer so that their observations may 

be fully described. 

Very recently, this union has perhaps culminated through the 

calculations of hydrogenic wavefunctions, energy levels, and 

transition probabilities of unprecedented accuracy and magnetic 

field coverage (Rosner et al. 1984, Forster et al. 1984, Henry and 

O'Connell 1984, 1985, and Wadehra 1983) which supplanted earlier 

calculations (Praddaude 1972, Smith et al. 1972, Garstang and 

Kemic 1974, and others). This has resulted in the unambiguous 

confirmation of bound-bound hydrogen transitions in Grw+7008247 

for magnetic fields ranging from 150-350 MG (Greenstein 1984, 

Henry and O'Connell 1984, Angel, Liebert, and Stockman, 1985, 

Wunner et al. 1985, and Wunner and Ruder 1987) and in PGl03l+234 

for magnetic fields ranging from 200-1000 MG (Schmidt et al. 1986, 

and Latter, Schmidt, and Green 1987). 

The highly refined numerical techniques currently employed in 

high-field hydrogen calculations have solved a long-standing 

problem in the description of hydrogenic bound states that existed 

for the regime of field strengths where the Lorentz and Coulomb 

forces on the electron are comparable (B z 2.35 o l09G /n3
; n is the 

principal quantum number). Since the Coulomb and magnetic terms 

in the interaction Hamiltonian exhibit spherical and cylindrical 

symmetry respectively, separation of variables in the solution to 

the Schrodinger equation is very difficult (see e.g., Wunner and 
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Ruder 1987 for a statement of the problem). 

However, the description of the continuum-state wavefunctions 

and photo ionization crossections of hydrogen in magnetic fields of 

arbitrary strength is still too difficult to solve. In addition 

to the problems of symmetry involved in the solution of the 

Schrodinger equation, the traj ectories of continuum electrons, 

under the influence of comparable Coulomb and Lorentz forces, can 

become "chaotic" and result in a significant modification and 

spectral smearing to the relatively simple quantum-mechanical 

nature of the low-lying Landau continuum states. The on-set of 

chaotic or irregular motion, for an atomic electron, occurs for 

field strengths between those that produce purely elliptical or 

Keplarian (i.e. small Lorentz and large Coulomb forces) and purely 

helical (Le. large Lorentz and small Coulomb forces) electron 

orbits (see e.g., Robnik 1981, Harada and Hasegawa 1983, Delos, 

Knudson, and Noid 1984, and Wunner and Ruder 1987). Uncertainties 

in the classical orbit of an electron translate into uncertainties 

in the quantum-mechanical energy spectrum and, unfortunately, this 

is the range of field strengths occupied by the magnetic white 

dwarfs. The description of these states, called quasi-Landau 

levels in some instances, is central to the complete understanding 

of the role bound-free opacities have in the production of 

continuum polarization as well as to a complete formulation of 

radiative transfer calcula.tions. 

The intent of this chapter is to investigate the continuum 

polarizations of isolated highly magnetic white dwarfs (B ~ 100 
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MG; MG "" 106G) both observationally and theoretically. The goal 

of section A is to obtain the most complete set of optical 

broad-band polarization measurements to date as well as to 

establish the first near-infrared polarimetric survey for five of 

these objects--Grw +70°8247, GD 229, G 240-72, LP 790-29, and 

G 227-35. 

Armed with a complete set of broad-band observations, several 

sources of continuum opacity are briefly investigated (section B) 

with special emphasis on their applications to the decade-old 

problem of the prominent 90° position angle rotation of 

Grw +70°8247. I undertake a qualitative discussion of bound-free 

transitions of the n~2 state of hydrogen into quasi-Landau levels 

for field strengths near 3.108 G by making use of an approximate 

treatment of the Coulomb potential on the magnetic continuum 

wavefunctions performed by Kara and McDowell (1981). The 

situation is compared to the case of hydrogen photoionization in 

pulsars (Schmitt et al. 1981, and Wunner et al. 1983) where the 

12 13 Lorentz force (B ~ 10 -10 G) on the free electron dominates the 

Coulomb force exerted by the residual ion (i.e. pure Landau levels 

are restored). 

I then numerically model some highly simplified cases of 

magnetobremsstrahlung and cyclotron absorption in a dipolar 

magnetic field geometry. The calculation of cyclotron absorption 

addresses the complex wavelength-dependent behavior of linear and 

circular polarization in a dipole field geometry first pointed out 
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by Lamb and Sutherland (1974). The magnetobremsstrahlung models 

address the question of polarization according to the plasma 

eigenmodes irrespective of any particular source of opacity. 

A. Observations 

The broad band optical polarimetry in the spectral region 

0.35 pm to 0.86 pm was obtained with the Two-Holer rotating 

half-wave retarder polarimeter designed by Gary Schmidt (see, 

e. g., Serkowski 1974 for a description of the concept) and the 

Octopol Pockels cell polarimeter designed by Pete Stockman (see 

e.g., Penning, Schmidt, and Liebert 1985 for an instrument 

description). The Steward 2.3m and UMjUCSD 1.5m telescopes were 

utilized over a period extending from 1986 January to 1987 May. 

Two-Holer incorporates the Johnson UBVRI filter set optimized for 

GaAs photomultipliers (Bessel 1976) while Octopol uses an NOAO 

BVRI interference filter set. 

The near-infrared polarimetry in the spectral region 1.1 pm 

to 1.65 pm was obtained with IRPOL (chapter 2 or West et a1. 1987) 

attached to the Multiple Mirror Telescope (MMT) between 1985 July 

to 1986 November. Although oblique reflections are inherent in 

the MMT beam combiner scheme, chapter 3 (or West 1986) sho'ws that 

the hexagonal symmetry of the telescope cancels the spurious 

polarization to accuracy better than 0.1% for wavelengths redder 

than 0.50 pm. Combined with the small phase shift of aluminium 

for A ~ 1 pm, the MMT can be considered polarimetrically clean for 

these near infrared observations. The J bandpass is essentially 
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rectangular from 1.1 ~m to 1.38 ~m. The H bandpass extends from 

1.40 ~m to 1.65 ~m and is narrower and bluer than common H bands 

because of the response of the germanium detector (see e. g. , 

figure 6 or Elston et al. 1987). 

One particularly disappointing aspect of this program was the 

large percentage of observing time lost to inclement weather. Of 

a total of 35 nights allocated to the 2. 3m and MMT, only 5 were 

usable. Therefore, the data represent about one-half of the 

observational content considered ideal for the goals set forth 

above. However, many new findings have still been uncovered which 

are of general importance to the field. 

The survey includes the stars G 227-35, G 240-72, LP 790-29, 

Grw +700 8247, and GD 229. Because of the heavy weather losses, 

G 195-19 and PG 1031+234 were not observed. These obj ects are 

both known to rotate and would have required extensive infrared 

observations to obtain the appropriate phase information. Each 

object has enjoyed some previous optical coverage (G 195-19: Angel 

and Landstreet 1971, and Angel, Illing, and Landstreet 1972; and 

PG 1031+234: Schmidt et al. 1986), however more observations are 

clearly required. 

The new broad band observations are summarized in figures 

21-25. Previous spectropolarimetry of Grw +70°8247 is however 

included for completeness. For each object, the broad band 

circular polarization, linear polarization, and the position angle 

of linear polarization as a function of wavelength are presented. 

Because individual objects can have highly variable polarizations, 
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spectropolarimetry is clearly optimal, and therefore I deviate 

from the usual practice of presenting the filter FWHM and instead 

show the filter extrema so that the full response of the 

instrument can be mentally convolved with the object polarization. 

Vertical error bars represent 1 sigma statistical deviations. 

Results and Comparison with Previous Polarimetry 

Grw +700 8247: 

The optical spectropolarimetry (Landstreet and Angel 1975) is 

presented in addition to the new measurements of Grw +70° 8247 in 

figure 21. Because of the high quality of the 1975 polarimetry 

and its confirmation of earlier work (e.g. Angel, Landstreet and 

Oke 1972, Angel and Landstreet 1970), no further extensive optical 

polarimetry is required except to search for rotation of position 

angle with time. This was accomplished by making a single high 

precision measurement of the B band linear polarization. Because 

the polarization of Grw +70 rapidly decreases to zero for 

wavelengths between 0.45 jjm and 0.5 jjm, the B band measurement 

accurately tracks the polarization from 0.4 jjm to 0.45 jjm. We 

obtained P ~ 3.2% ± 0.08% @ 19~1 ± 0~8 in 1986. As seen on figure 

21, to within observational errors, there is no evidence for 

rotation in the 11 year period. In fact there is no significant 

difference since the 1970 B-band measurement (24° ± 3°, Angel and 

Landstreet 1970)--a 16 year time span. 

Of particular interest is the near-infrared polarimetry. The 

-0.6% circular polarization in the J band differs from the 8% 
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Figure 21 
New measurements of the near-infrared polarization of 

Grw +70°8247 combined with the optical spectropolarimetry of 
Landstreet and Angel (1975). The B-band linear polarization 
measurement verifies that Grw +70°8247 shows no apparent 
time-dependent rotation of position angle since 1970. 
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Figure 22 
New optical and near-infrared polarimetry of GD 229. There 

is evidence for a 90° position angle rotation of linear 
polarization near 0.35 /-Lm. There is no evidence for rotation 
of position angle with time since 1974. 
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Figure 23 
New optical and near-infrared polarimetry of LP 790-29. The 

optical circular polarization confirms the findings of Liebert et 
al. (1978). These observations show evidence for 1% linear 
polarization. Insufficient data exists for any conclusions 
concerning the rotation of position angle to be made. 
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Figure 24 
New optical and near- infrared polarization measurements of 

G 240-72. The optical circular polarization confirms the results 
of Angel et ai. (1974). The linear polarization is discovered to 
exhibit structure. Comparison with 1974 work again reveals no 
evidence for time-dependent rotation in 12 years. 
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Figure 25 
New optical and near- infrared polarization measurements of 

G 227 - 35. The small J circular polarization is not consistent 
with the -10% measurement at 1 ~m of Angel, Hinzten, and 
Landstreet (1975). There is evidence for 0.2% U-band linear 
polarization. No conclusions concerning rotation can yet be made. 
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result of Kemp and Swedlund (1970), and the new observation 

supports the smooth extension of the optical polarization into the 

near infrared. The entire red linear polarization spectrum is 

consistent with a smooth increase in polarization from 0.7 ~m to 

1.0 ~m and then a grey spectrum through 1.65 ~m, all occurring at 

constant position angle. 

GD 229: 

Although Kemp ec al. (1974) and Swedlund et al. (1974) 

presented the optical linear polarization of GD229, the spectral 

interval is re-observed to higher accuracy and includes the first 

I and J measurements (figure 22). The new polarimetry presented 

here and that of Kemp are both consistent with a smooth increase 

in polarization from 1.5% at U to 4.5% at R. The new observations 

at I and J show a nearly grey linear polarization spectrum at a 

3.5% level. The position angle undergoes a gentle rotation of 

about 10° from 0.4 to 1.4 ~m. We observe a position angle 

discontinuity near 0.35 ~m, which is of opposite sign and larger 

magnitude than that observed in 1974. The 1974 (Kemp) R 

measurement of position angle is 87° ± 12° compared to a 1986 

value of 94° ± 1°, and therefore there is no evidence for rotation 

with time. We find no U or I band circular polarization. 

Spectropolarimetry of GD 229 (Landstreet and Angel 1974) suggests 

that our broad bands may .. he diluting narrow 1% circular 

polarization features. 
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LP 790-29: 

The broad band circular polarization of LP 790-29 (figure 23) 

confirms both the large magnitude and spectral characteristics 

found by Liebert et al. (1978). The circular polarization is 

about 10% at 0.35 ~m, declines to 5% in the B-band, increases to 

10% at 0.65 ~m, then decreases to 2% at 1.25 ~m. The 

spectropolarimetry of Liebert indicates the polarization actually 

drops to zero in a narrow region within the B-band. The search 

for linear polarization was interrupted by bad weather, but there 

is evidence for optical linear polarization at the 1% level. 

G 240-72: 

The new circular polarimetry of G 240-72 (figure 24) confirms 

the sinusoidal-type spectral characteristics discovered by Angel 

et al. (1974). However, the the actual spectral placements of the 

features disagree between the two data sets. This is attributed 

to the convolution of sharp object polarization features with the 

particular broad band response of each instrumental arrangement. 

G 240-72 is a clear candidate for spectropolarimetry. 

The linear polarization is found t() be smoother in nature 

than the circular polarization. Though the 1974 work discovered 

1.5% blue linear polarization, no further observations were made 

until now. We confirm 1. 5% linear polarization from 0.35 to 

o. 55 ~m and also observe a fall-off to 0.5% at 1. 25 ~m. The 

position angle undergoes a smooth 30° - 40° rotation over the same 

interval. The large position angle error at 1.25 ~m reflects the 
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very small linear polarization there coupled with a relatively low 

precision measurement. The 1974 blue position angle was 47~ 5 ± 

1~5 compared to a 1986 value of 49° ± 4°, and therefore there is 

no evidence for rotation over a 12 year period. 

G 227-35: 

The new observations of G 227-35 (figure 25) confirm the 

Angel, Hintzen, and Landstreet (1975) rise of circular 

polarization from -1% at 0.45 ~m to -3% at 0.8 ~m. However, there 

is no evidence for the -10% near infrared polarization they found. 

It is true that the new observations do not include a 1 ~m 

measurement, and it is conceivable that the polarization could 

increase to -10% at 1 ~m, then very sharply decrease to -1% at 

1.25 ~m. Given the spectral characteristics of the other objects 

in this class combined with the small J polarization, the large 1 

~m polarization is unlikely. There is evidence for 0.3% optical 

linear polarization with apparently no wavelength dependence. 

Inter-comparison of Observations 

Figure 26 facilitates the comparison of the continuum 

polarization spectra presented in figures 21-25. The individual 

stars are arranged in rows consisting of three columns showing the 

wavelength dependence of linear polarization, position angle and 

circular polarization. In objects having a single sign of 

circular polarization, its absolute value is plotted. For those 
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having both signs, a horizontal line identifies the zero point. 

The wavelength intervals have the same scale throughout and 

. . 1 140°. pos~t~on ang es span a constant The polarizations, however, 

have a range of (indicated) scales so that the details are 

sufficiently manifest. 

The intention of this diagram is to obtain a rough idea for 

the gross similiarities between each of these obj ects. This is 

accomplished, simply, by wavelength-shifting the polarization 

spectra of each star with respect to some reference in order to 

align apparently similar features. If, however, the polarizations 

arise from cyclotron absorption, a frequency-shifted comparison 

would be more appropriate, but the purpose of this diagram is to 

perform a very qualitative investigation with no assumptions about 

the source of opacity. Grw +70° 8247 (hereafter Grw) is chosen as 

a reference for comparison because it has the greatest spectral 

coverage at the highest signal-to-noise. Near 1 I'm, the solid 

curve represents the linear polarization weighted by the large 

values found by Landstreet and Angel (1975), while the dotted line 

depicts a smooth optical-to-near-infrared transiti.on (which is 

still consistent with the data because of the low signal-to-noise 

ratio of the 1 I'm datum). The continuum polarizations of each 

star are simply wavelength-shifted with respect to Grw to co-align 

similar features. Identical shifts are applied to the linear and 

circular polarizations and position angles of each star. GD229 

and G240-72 are shifted (quite arbitrarily) with respect to Grw to 

align apparently similar linear polarization features, while 
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LP790-29 is positioned by its red circular polarization tail. No 

shift is applied to G227-35. 

An apparent correlation exists in the linear polarizations of 

Grw, GO 229, and G 240-72- -especially if the larger 1 ~m linear 

polarization in Grw observed by Landstreet and Angel establishes 

the correct trend. The correlation consists of rapidly rising 

polarization with increasing wavelength to some maximum, then a 

slight decrease which evolves into an apparently grey spectrum. 

The position angle behavior also seems to be consistent. When the 

linear polarization is near zero, a sharp 90° position angle 

rotation occurs. Although similar position angle discontinuities 

are suggested by the U-band measurements of GO 229 and G 240-72, 

they will require ultraviolet observations for conclusive proof. 

Redward of this point, the position angle is nearly independent of 

the changes in linear polarization. More extensive observations 

are required for LP 790-29 and G 227-35 to determine the extent of 

conformance to this apparent correlation. 

The circular polarizations of these objects have a more 

diverse structure. The absence of circular polarization in GO 229 

may be a simple consequence of geometry. Of all five stars, only 

the long tail of the red circular polarization of LP 790-29 

strongly resembles any features found in Grw. The circular 

polarization of G 240-72 near 0.58 ~m is likely dominated by the 

0.12 ~m wide absorption feature observed by Greenstein (1974), 

which Martin and Wickramasinghe (1979) have suggested may be of 

cyclotron origin. As noted above, there is no clear association 
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of any of the features of G 227-35 with those of Grw. 

B. Discussion of the Origin of Continuous Opacity in Grw+700S247 

Crucial to the complete understanding of the origins of 

continuous opacity in magnetic degenerates is an exacting 

knowledge of photospheric compositions, field strengths, and 

temperature structures in magnetic fields. Currently however, 

Grw +70°8247 and PG 1031+234 are the only two objects with 

well-understood photospheric compositions and field strengths. 

Several of the other stars have absorption features apparently 

unrelated to the high field hydrogen spectrum. For examp le , 

Angel, Liebert, and Stockman (1985; hereafter ALS) argue that the 

spectrum of GD 229 cannot be adequately explained with hydrogen, 

while Liebert et al. (1978) argue for a C origin for the spectrum 
2 

of LP 790-29. Additionally, other opacity mechanisms which are 

relatively insensitive to atmospheric composition (such as 

magnetobremsstrahlung and cyclotron absorption) may be operative. 

Clearly, the situation is quite complex, and currently no grand 

unification of the observations presented in the previous section 

is possible. To simplify the problem, let us only consider a 

hydrogen atmosphere and concentrate on the continuum polarization 

of Grw, a star known to have hydrogen in its photosphere with a 

known field strength and apparent absence of rotation. 

The continuum dichroism of a highly magnetic white dwarf 

hydrogen photosphere may arise from several mechanisms--

bound-free transitions of hydrogen, cyclotron absorption, and 



inverse magnetobremsstrah1ung absorption. 
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Let us briefly review 

each mechanism. 

Magnetobremsstrah1ung absorption, or electron-ion free-free 

transitions in the presence of a magnetic field, (see e.g., 

Pavlov, Mitrofanov, and Shibanov 1980), produces continuum 

polarization by virtue of a spiralling classical electron in a 

magnetic field whose rotational velocity is randomized by 

collisions. The index of refraction in a magnetop1asma is 

quadratic in the plasma parameters resulting in the propagation pf 

the ordinary (OM) and extraordinary (EM) modes. The cyclotron 

orbit of the electron, between collisions, closely coincides, in 

shape and rotational direction, to the EM mode and therefore 

absorbs it more efficiently. Kemp (1970a, 1977) was able to 

predict the fractional circular polarization (q(w) -2w Iw "" -2f3 c 

for f3 « 1 and w III « 1, where w, w, and II are the cyc 10 tron, c c 

observed, and collisional frequencies respectively) by treating 

the electrons as bound harmonic oscillators. The linear 

2 
dichroism, p(w), was derived to be proportional to q (w). The 

angular dependence of q(w) in a magnetop1asma is rigorously 

derived by Khandker, O'Connell, and Ford (1983). 

Cyclotron absorption (see e.g., Lamb and Sutherland 1974) is 

a quantum mechanical description of free- free absorption by an 

electron in a near-co1lision1ess magnetop1asma. Here the circular 

motion of the electron perpendicular to the magnetic field is 

quantized in units of l1w called Landau orbitals. 
c 

A photon is 

absorbed by exciting an electron from a lower Landau state into a 



more energetic one. 
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The absorption is strongly peaked, and 

enormous, at the fundamental frequency (i. e. 1i.w ) • The linear and c 

circular dichroisms are comparable for f3 == 1. 

The theory of bound-free absorption of hydrogen in a 

magnetized photosphere was first formulated by Lamb and Sutherland 

(1974) for B S 10 MG. In this regime, it was argued that the 

quadratic Zeeman effect is small enough that essentially no 

inter-e mixing of wavefunctions occurs (where e is the orbital 

angular momentum), and therefore the bound-free opacities of the 

n-2, e-±l states simply resemble the zero-field opacity shifted by 

Larmour energy (~wL). Then, at a given wavelength, the 

absorption coefficient is different for orthogonal senses of 

circular and linear polarizations. The circular and linear 

dichroisms, away from the absorption edges, were found to be 

identical to the Kemp magnetobremsstrahlung case. 

Having reviewed the continuous opaci ty mechanisms, we now 

review two currently-held ideas concerning the origin of 

continuous polarization in the photosphere of Grw. Angel (1979) 

has argued that since the 90° position angle rotation is such a 

prominent feature, understanding its origin may yield the 

underlying opacity mechanism. He has suggested a cyclotron origin 

for it, and his explanation proceeds as follows. Since the 

rotation occurs within the region of cyclotron frequencies 

corresponding to the range of magnetic field strengths found on 

Grw, it is likely associated with it. The linear polarization 

spectrum is analogous to a driven harmonic oscillator which 
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responds in phase for applied freqencies below the resonant 

frequency (~ - 0) and out of phase for frequencies higher (~m = 

1). Since ~ - 0,1 transitions are orthogonally polarized, a 90° 

position angle rotation of linear polarization is likely to occur. 

More recently, this explanation has been challenged. Martin 

and Wickramasinghe (1984) performed a more detailed study of the 

spectral interval near the cyclotron fundamental (w). 
C 

Though a 

rigorous mathematical description was not possible, they derived 

an approximate expression for U/Q based on the polarized radiative 

transfer equations in a magnetic field utilizing the cyclotron 

crossection and classically-derived values for the magneto-optical 

parameters. They find no evidence that the position angle can 

flip on opposite sides of w . c 

Instead, Martin and Wickramasinghe suggest shifted· Balmer 

photo ionization may provide the answer. Assuming a linear Zeeman 

effect for field strengths commensurate with those found on Grw, 

they show that in a dipolar magnetic field distribution, shifted 

Balmer bound-free absorption can account for some of the trends in 

linear and circular polarization, including a 90° position angle 

rotation (in fact two rotations!), throughout the spectral 

interval 0.3 ~m to 0.7 ~m. 

B d f Ab t · f h d i" f;e1ds of 108 _10 9 Gauss oun - ree sorp ~on ~ y rogen ~ L 

Let us begin with a brief review of the Zeeman effect in the 

hydrogen atom. Because hydrogen is a one-electron atom, only 



doublet states (i.e. spin 
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± 1/2) are allowed. In the absence of 

a magnetic field, only the multiplet splitting is observed. For 

very small magnetic fields (B« 8 KG), where the magnetic 

splitting is much less than the multiplet splitting (i.e. the spin 

and orbital angular momentum are still coupled and j is a good 

quantum number), the anomalous Zeeman effect is observed, and the 

magnetic splitting of each multiplet term is proportional to g~w 
L 

(where g is the Lande' factor). For B::::: 8 KG to 30 MG, the 

Paschen-Back effect is observed, and the magnetic splitting is 

proportional to n'~w (where n is an integer). Here the spin (s) 
L 

and orbital angular momentum (e) are uncoupled by the magnetic 

field so that each precesses about the field independently, and 

hence the final states are degenerate in the proj ection of the 

orbital angular momentum me along the field direction for a given 

spin state ms (e. g. , the 2S and 2P states are coincident). 
1/2 1/2 

For B > 30 MG, the quadratic Zeeman effect both destroys the 

linearity of the Paschen-Back splitting and lifts the 

degeneracy. 

Although in the past, the assumption of a linear Zeeman 

effect for field strengths near lOB G seemed appropriate, recent 

calculations of the high field hydrogen atom (by Rosner et al. 

1984 and others) have changed this. The intent of this section is 

to consider the photo ionization of hydrogen for field strengths 

(lOB _10 9 G) commensurate with highly magnetic white dwarf stars 

utilizing these new calculations. For illustration purposes, only 

the n = 2 state of hydrogen shall be considered. 
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A careful consideration of n~2 bound-free absorption reveals 

that two effects must be included. First, the quadratic Zeeman 

effect modifies the linear Paschen-Back effect quite severely for 

B ~ 100 MG. The lower portion of figure 27 shows a comparison 

between the Rosner et al. (1984) n~2 bound-state energies (solid 

curves) and the linear Paschen-Back effect (dashed lines) for a -~ 
2 

spin state. A difference of several ev (~). > 1000 A at 3650A) 

results for the 2p+l state for B "" 250-350 MG. Second, the 

magnetic field quantizes the continuum into Landau levels (see 

e.g., Landau and Lifshitz 1977). 

by 

E (n ,rna, m ) -c p <. S 

l1w 
c 

2 

The Landau energy (E) is given c 

2 
Pz 

2m 
e 

where n is the principal quantum number, me is the orbital 
p 

component of angular momentum, is the spin state (± 1 for m -s 2 

hydrogen) , Pz is the momentum of the electron along the field 

direction (z), and m is the electron's mass. As an aside, note 
e 

that for arbitrary values of me and ms ' only energy spacings of 

(n' 1 obtained in the absense of perturbing force. + -) ·11w are a 
2 c 

The top half of figure 27 depicts these states for m 1 
and me ~ --

S 2 

= 0, ±lo Electric dipole transitions into continuum states must 

obey the familiar selection rules: ~ms "" 0, and ~me "" 0, ±l (for 

one electron atoms). 

Let us digress temporarily to understand the qualitative 

picture thus far. Using figure 27, several observations may be 
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Figure 27 
The structure of the n - 2 bound state of hydrogen (Rosner et 

al. 1984) and the Landau continuum for field strengths ranging 

from 0 to 500 MG for m = -1/2. The quadratic Zeeman effect 
s 

modifies the linear Paschen-Back effect (dashed lines) quite 

severely for B ~ 100 MG. Continuum states are denoted by (n mn) 
P, {, 

wi th m = -1/2. The Landau continuum is an over-simplification 
s 

for these field strengths but illustrates the triplet degeneracy 

of the levels. 
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made. 1 First, the ground Landau state (np - 0, me ~ 0, ms = - z) 
coincides with the B=O (i.e. E=O) continuum. Thereafter, excited 

Landau levels are spaced by nw . c It is therefore expected that 

the spectral dependence of the photo ionization crossection, (j, 

should consist of periodic resonances at intervals of 11w. 
c 

I d d 1 1 t · f 1 t th f~e1ds (B -_ 1012_1013G) n ee , ca cu a ~ons or pu sar- s reng ... 

by Wunner et al. (1983), Wunner and Ruder (1982), and Schmitt 

et al. (1981) confirm these observations with the addition that 

absorption to the ground Landau state is sensitive only to 7l' 

polarization. Figure 28 is a qualitative adaptation of their 

findings for bound-free absorption from the 1s0 state for 7l' and (j 

polarizations (dashed and solid lines respectively) vs. energy E, 

for the component of field perpendicular to the line-of-sight, and 

shows that bound-free absorption of hydrogen in strong magnetic 

fields is highly dichroic. For -nw ~ E < l1w +1iw (where w is the 
I I C I 

ionization frequency), only 7l' polarization is absorbed. For E ~ 

-nw +1iw , hydrogen always absorbs (j polarization more efficiently. 
I C 

The functional dependence of this dichroism, on the 

perpendicular component of magnetic field, could easily account 

for the single 90° position angle rotation of Grw. Additionally, 

the absorption coefficient away from the ground Landau energy is 

several orders of magnitude greater than the zero-field absorption 

coefficient, and the large difference between the (j and 7l' 

crossections could explain the large values of polarization seen 

in highly magnetic white dwarfs. It would, however, suggest that 

the linear polarization on the red side of the position angle 
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Figure 28 
Photoionization crossections for the lsO state of hydrogen 

12 
for field strengths large enough (B I:i;; 4.7 ·10 G) to restore the 
Landau structure of the continuum. This figure is adapted from 
figures 4a,b of Wunner et al. (1983), and illustrates the highly 
dichroic nature of bound-free transitions of hydrogen in strong 
magnetic fields. The ground Landau state is sensitive only to ~ 
polarization, while excited Landau levels absorb a polarization 
more efficiently. Such an absorption could naturally produce a 
single 90

0 
rotation of linear polarization. The crossection (a) 

of the ordinate should not be confused with a polarization. The 
photo ionization crossections are given in units of the Thomson 
eros section a . 

th 
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discontinuity be much greater than that on the blue side. In 

contrast, figure 21 shows nearly equal U and J linear 

polarizations. 

Despite the promise of this approach, a simple extension of 

the results from pulsars to magnetic white dwarfs is 

overly-simplistic because the description of the continuum states 

and photo ionization crossections is simplified for pulsar fields 

(B » 2350 MG). In this intense-field regime, the Coulomb force 

on the electron (for all atomic states) is very small compared to 

the Lorentz force and leads to well-defined helical electron 

orbits. Unfortunately, the magnetic white dwarfs occupy the 

so-called intermediate-field regime where the Coulomb and Lorentz 

forces on the electron are comparable, and the description of the 

continuum electron orbits, hence the energy level spectrum, is 

highly complex. 

Qualitatively, the Coulomb-Lorentz mixing in the 

intermediate-field regime not only makes the computation of 

wavefunctions complex, it also modifies the relatively simple 

structure of the low-lying Landau continuum by lifting the 

degeneracies and changing the spacings and energies. This was 

first observed by Garton and Tomkins (1969) in the form of 

periodic resonances spaced at ~l1w (termed quasi-Landau levels, 
2 C 

Edmonds 1970) near the ionization threshold in Ba I for B ~ 25 KG. 

The problem has recieved attention in the literature because of 

the applications in semiconductors, Rydberg atoms, and fusion 

targets but, to my knowledge, has never been extended to include 
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magnetic white dwarfs (some references, for the curious, are 

Wallis and Bowlden 1958, Starace 1973, O'Connell 1974, Rau 1979, 

Blumberg, Itano, and Larson 1979, Robnik 1981, D.~lande et a1. 

1982, Harada and Hasegawa 1983, Delos, Knudson, and Noid 1984, and 

Wunner and Ruder 1987). Given the recent advances in numerical 

techniques and laboratory spectroscopy, this topic is currently 

gaining huge momentum. 

Kara and McDowell (1981; hereafter KM) have attempted to 

characterize the impact of the Coulomb-Lorentz interaction on the 

energy structure of the Landau continuum for hydrogen. They have 

computed the energies of the quasi-Landau levels for 0 

for fields of 107 _109G. KM find that the Coulomb force perturbs 

the low-lying Landau levels by as much as 6. Sfiw at B ::= 10 MG! 
c 

Additionally, the Landau spacing is no longer nw, the energy E 
c c 

may be less than zero, and the triplet degeneracy is lifted. 

However, as n increases, the states look increasingly like pure 
p 

-2 Landau levels because of the r dependence of the Coulomb force. 

My intent is to compute all of the hydrogenic ~, a, and a 
+ 

transitions from the Rosner et 81. (1984) n=2 energies into the KM 

quasi-Landau levels with the hopes of making some qualitative 

statements about the continuum polarization of Grw. Figure 29 

summarizes the pertinent energies for 160 ~ B ~ 320 MG. Energies 

of l-y Ryd (-y =- llw /2R, R ... 13.6058 ev) were subtracted from the 
c 

values given in table 2 of KM to align the continuum and Rosner 

spin states. I have linearly extrapolated the (2,0), (1,1), and 

(2,-1) continuum states into negative energies even though KM do 
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The structure of the n = 2 bound state of hydrogen and the 

quasi-Landau continuum for fields commensurate with Grw +70°8247. 

The bound state energies are adapted from Rosner et al. (1984). 

The quasi-Landau levels are an adaptation from Table 2 of Kara and 

McDowell (1981) for m - -1/2. The continuum states are labelled 
s 

The Coulomb force highly modifies the Landau structure 

continuum illustrating that photo ionization in highly 

magnetic white dwarfs is quite complex, 



not compute states for E < O. 
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Although these states have E < 0, 

they may still be considered continuum states because, in contrast 

to bound states, the electron energy is not quantized along the 

magnetic field direction. 

The electric dipole transition energies E resulting from 
t 

figure 29 are shown in figure 30 as a function of magnetic field 

strength. The dashed, chained, and solid lines are 0"+, 0"_, 71" 

transitions respectively. The figure is grossly incomplete for 

E
t 

< 2.5 ev because the energies of the np - 1, me - 0, -1 and all 

of the n - 0 continuum states are unknown. 
p 

Unfortunately, this 

is the region of most interest. However, the diagram clearly 

shows that, for a given field strength, bound-free transitions 

produce frequency-separated bands of 0" and 71" polarizations, whose 

widths and spacings increase with decreasing n . 
p 

This situation 

is a consequence of the Coulomb force lifting the Landau 

degeneracy and does not occur for pulsar field strengths. 

Only extremely qualitative applications of these findings are 

possible here for two reasons. First, the KM treatment of the 

Coulomb-Lorentz interaction is only approximate so that no 

particular confidence can be placed in the absolute energy 

placement of the continuum states. Second, the complete picture 

for optical energies requires a knowledge of the n = 0 1 p , 

quasi-Landau state energies and corresponding bound-free 

crossections. KM calculate photo ionization crossections only for 

the 2pO and IsO states of hydrogen, and then only for continuum 

states with E > 0, 
c 

thereby excluding the np - 1, me a 0, -1, and 
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t 
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p 
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Since the magnitude of the photoionization crossection is a 

steep function of n , and because of the highly dichroic nature of 
p 

the ground Landau state found by Wunner et al. (1983), any 

statements here regarding the continuum polarization of Grw may be 

premature. However, several general aspects concerning bound-free 

absorption from the n ~ 2 state of hydrogen into quasi-Landau 

levels manifest themselves. First, as n decreases, the spacing 
p 

between adjacent (7 and 7r ban.ds increases to a significant fraction 

of the optical bandpass and could create distinct spectral regions 

of orthogonal polarizations such as the two observed in Grw (see 

e.g., figure 21). Therefore, even without the huge dichroism of 

the ground continuum state, the lifting of the Landau degeneracy 

makes a 90° rotation of position angle quite plausible in contrast 

to the case for pulsars. Second, the movement of the continuum 

into negative energies means that transitions into the continuum 

can occur for small energies thus providing a huge source of 

optical-red and near-infrared opacity in accordance with the large 

I, J, and H polarizations observed in Grw. Without the 

modification of the pure Landau continuum, for example, Balmer 

photoionization cannot produce optical-red and near-infrared 

polarization for B < 350 MG. However Paschen photo ionization 

could provide large near-infrared absorption. 
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Simple Models ~ Cyclotron and Magnetobremsstrahlung Absorption 

The modelling of bound- free absorption in highly magnetic 

white dwarfs must obviously await further calculations of the 

continuum-state energy levels and photoionization crossections. 

However, modelling the behavior of cyclotron and 

magnetobremsstrahlung absorption is easier to address because the 

most basic requirement is a magnetoplasma with a well-defined 

field geometry. 

Cyclotron absorption originates high in the photosphere as a 

consequence of its enormous crossection 
-13 -14 2 

(a :::: 10 -10 cm at c 

w) and therefore is unlikely to be re-processed by any other 
c 

opacity mechanisms such as bound-free (a :::: 10-17 cm2 at the 
bf 

ionization edge) or strong, but very narrow, bound-bound 

(a :::: 10-
12 

cm
2

) absorptions. Therefore the ratio of circular to 
bb 

linear polarizations, at a given point in the atmosphere, depends 

primarily upon viewing geometry with respect to the local field. 

At these heights, Doppler effects overwhelm collisional broadening 

and result in a very narrow cyclotron fundamental (ll>':::: soA for 

T = 10
4 

K at 1 ~m). 

On the other hand, inverse magnetobremsstrahlung absorption 

requires very high collisional rates (i.e. w Iv « 1) so that the 
c 

Coulomb forces on the electron completely destroy the quantum 

mechanical structure of the Landau orbits (see e.g., Kemp 1970b). 

This is tantamount to infinitely broadening the cyclotron 

fundamental. Although such collision rates (> 10
14 

Hz) occur 
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naturally in heated terrestrial solids, they are not encountered 

until deep within the atmosphere of a normal white dwarf, so that 

magnetobremsstrahlung-produced polarization may be highly 

re-processed by other opacity mechanisms before we observe it. 

For this work, I am primarily interested in the 

geometrically-produced wavelength-dependent character of 

polarization that arises from each of these mechanisms in order to 

test whether or not they may be responsible for some portion of 

the observed polarization of Grw. Therefore, effects other than 

geometry and the plasma eigenmodes shall be neglected. The 

broadening will be left as a free parameter even though some 

values may be physically unrealistic for a normal white dwarf 

photosphere. 

I begin by considering the detailed magnetic structure of a 

dipole field as a function of magnetic latitude. Figure 31 

depicts a crossection through a star threaded with a dipolar 

surface field structure as viewed from the magnetic equator. 

Along the periphery of the star is plotted the orientation and 

magnitude of the magnetic field vectors. Five latitudinal regions 

are noted (A,B,C,D, and E). In regions A, C, and E, field vectors 

parallel to the poles dominate. In regions Band D, fields 

perpendicular to the poles dominate. Note that field vectors 

pointing oppositely add constructively in Q and U. 

Now consider the effects of cyclotron absorption at each 

point on the star's surface. Given that Doppler-broadened 

cyclotron fundamentals have narrow widths, only a small range of 
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Figure 31 
A crossection through a star threaded with a dipolar surface 

magnetic field. Latitudinal regions A,e, and E are dominated by 
fields parallel to the magnetic poles, while regions Band Dare 
dominated by fields perpendicular to the poles. This field 
structure can produce 90° rotations in the position angle of 
linear polarization for Doppler-broadened cyclotron absorption. 
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latitudes will contribute to the polarization at a given 

wavelength, and therefore the average polarization observed will 

reflect the detailed magnetic structure of those contributing 

regions--so that tuning in wavelength from blue to red tunes in 

successive latitudes from the poles to the equator respectively. 

For example, tuning from region A to B will produce a 90° position 

angle rotation, while the interface between the regions will 

produce near-zero linear polarization resulting from the 

competition of the +Q and -Q components. Over the same spectral 

interval, the circular polarization will remain smooth and 

continuous as it is unaffected by the transverse magnetic fields. 

The similarity to the polarization spectrum of Grw is obvious. 

The modelling is performed by dividing the observable 

hemisphere of the star into a grid. The magnetic field vector, 

cyclotron absorption profile, and linear and circular 

polarizations are calculated for the center of each grid. A model 

wavelength is chosen, and the polarization contributions from each 

surface element are summed over the grid. The procedure is 

repeated for wavelengths distributed throughout the spectral 

region of interest. 

The framework of the modelling closely resembles the 

geometrical approach of Schmidt et al. (1986) used in the analysis 

of PG 1031+234. We first constrain the total flux per unit area 

(unpolarized plus po1ari~ed) emitted from each surface element to 

be constant and weighted only by the projection of the element 

onto the observer's sky. The polarized flux (or dichroism) 
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produced at each point on the surface is assumed to be 

proportional to the local magnetic field strength B, while the 

angular dependence of the polarization is primarily a function of 

field geometry. 

In addition to the angular dependence of polarization on 

field orientation, I now depart from the simplification of Schmidt 

et al. and include the dependence of the eigenmode geometry on ~ 

(see e.g., Barret and Chanmugam 1984), so that: 

V 2 cos (~) 

where p2 _ Q2 + 02. This relation is particularly useful for this 

analysis since it is independent of optical depth. 

The next problem lies in defining a simple model for the 

cyclotron absorption. A spiralling electron is free to absorb 

light energy through the exchange of quantized amounts of momentum 

with the magnetic field. The cyclotron fundamental is broadened 

both by Doppler and collisional effects (see e.g., Pavlov, 

Mitrofanov, and Shibanov 1980, Lamb and Sutherland 1974, Kemp 

1970b, and Bekefi 1966). A further complication stems from the 

hypothesis that the collisional frequency itself may depend on 

magnetic field strength and might possibly be anisotropic in the 

sense that it could depend on the direction of the electron 

relative to the field vector (Kemp 1977). 

Clearly, a rigorous description of the width of the 

fundamental resonance of absorption is too complicated to quantify 
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We can, however, make the assertion 

that the absorption widths distributed over the surface must be 

physically related to one another to reflect the fact that, 

independent of the light frequency, the broadening results from a 

single parent velocity distribution, and therefore: 

w c 

c 

where ~ is the FWHM of the absorption profile. The constant C is 

meant to include all sources of broadening and is set, quite 

arbitrarily, by defining ~ at 0.5 ~m. In this work, any 

dependence of absorption width upon magnetic field strength or 

spatial temperature structure is neglected. 

The absorption profile is approximated by a Gaussian (~) with 

strength proportional to the local dichroism. Though collisional 

broadening has a characteristic Lorentzian-type profile, the 

modelling here should be primarily sensitive to the fact that 

there is a profile of some given width rather than to the 

differences between these two functions. In mathematical terms, 

we have: 

where, 

~(w ,B) 0: IBI c exp- l
~(WC- W)] 2 

H 

wand ware the cyclotron and modelling frequencies 
c 

respectively. H is a scaling factor to adjust the width of the 

profile and is left as a free parameter (~- 2H). 
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The modelling was performed on an 8086 turbo IBM XT-type 

computer equipped with a math co-processor. The hemisphere of the 

star is resolved into 325 elements. The star is assumed to have 

no rotation so that the polarization is geometrically sensitive 

only to the magnetic latitude of the observer as well as to the 

injected model for cyclotron fundamental absorption described in 

the above section. 

Figure 32 summarizes the model results as a function of 

wavelength and width of the fundamental absorption defined at 

0. 5 JJ.m (ll). The continuum polarization of Grw is also shown 

schematically for reference (heavy lines). The models are 

computed with a centered dipole of equatorial field strength (B ) eq 

160 MG (.A eq-0. 67 JJ.m) and polar strength (B ) 320 MG (.A P-o. 33 ,um) 
c p c 

for a viewing magnetic latitude of 80°. The dichroism was scaled 

to produce 100% polarization at the magnetic poles, so that these 

models represent the maximum possible polarizations. 

For Ll - 0. 02 JJ.m ( z 10 times the thermal width for T 
e 

12000 K), the polarization at a given wavelength results from the 

contribution of a latitude zone only a few degrees in width and 

confirms the qualitative expectations above. Increasing Ll to 

0.2 JJ.m has the effect of increasing the strengths and widths of 

the polarization features because a larger surface area 

contributes at a single wavelength. However, the width of the 90° 

position angle feature decreases, because the broadened equatorial 

absorption begins to dominate the mid-latitudinal fields. 

Increasing Ll beyond 0.3 JJ.m causes the 90° position angle feature 
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1.6 

1.6 

1.6 

A comparison of models for cyclotron and magneto
bremsstrahlung absorptions with Grw +70°8247. Models are shown 
for various degrees of broadening (~). The dichroism is assumed 
proportional to the local magnetic field strength and is scaled to 
produce 100% polarization at the magnetic poles. 



to disappear. 
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The near-infrared linear polarization becomes 

grey-like for 6. ~ 0.4 /Lm because of the wavelength asymmetry of 

the broad absorption profiles. The magnetobremsstrahlung model is 

relatively insensitive to detailed magnetic geometry and 

illustrates primarily the transformation of the eigenmode ellipses 

from circular to highly elliptical for short and long wavelengths 

respectively (i.e. ~ < 1 to ~ > 1). 

Overall, the cyclotron absorption models represent a rather 

poor fit to continuum polarization of Grw. Although the maximum 

linear polarization of the models occurs near the minimum for Grw, 

and the circular polarizations are not well phased to the data, 

the 90° position angle changes are, in part, consistent with Grw. 

Such geometrically-induced position angle rotations have been 

previously found in both the modelling of coronal cyclotron 

emission in white dwarfs (Ingham, Brecher, and Wasserman 1976) and 

extended polecap accretion in intermediate polars (Chanmugam and 

Frank 1987). 

In addition, strongly broadened fundamentals are required to 

produce the magnitude and spectral "smear" of observed 

polarization. A width 6. of 0.2 /Lm, for example, requires 

collisional broadening several times greater than can be found in 

even a cool (T z 6000 K) white dwarf photosphere (Martin and 

Wickramasinghe 1979). As previously mentioned, such absorption 

would have to originate deep within the atmosphere and would 

presumably be highly re-processed within the photosphere. 
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C. Conclusions 

In this chapter, the continuum polarizations of highly 

magnetic white dwarfs (B ~ 100 MG) have been investigated both 

observationally and theoretically. State-of-the-art optical and 

near-infrared polarimeters were applied to yield the most complete 

broad-band survey throughout the spectral region 0.35 to 1.65 ~m. 

A remarkable apparent correlation in the linear polarizations of 

Grw +700 8247, GD 229, and G 240-72 is discovered. In addition, 

no evidence for rotation with time has been found for any of the 

five stars. 

Hydrogen bound-free opacity is qualitatively investigated for 

field strengths of 107 _10 9 G. This so-called intermediate-field 

regime is characterized by comparable Lorentz and Coulomb forces 

on the electron, and therefore the description of the continuum 

states as well as the photoionization crossections are not well 

known. The transition energies from the n - 2 state of hydrogen 

into low-lying quasi-Landau states (n ~ 1) were calculated with 
p 

the aid of approximate calculations by Kara and McDowell (1981). 

Using these results, a.nd the extension of results from Wunner et 

al. (1983) for photo ionization of hydrogen in pulsars, it is shown 

that bound-free transitions of hydrogen probably contain all the 

necessary ingredients for an eventual description of the continuum 

polarization of Grw +700 8247. 

Additionally, cyclotron and magnetobremsstrahlung absorptions 

in a dipolar magnetic field distribution are modelled. Overall, 
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the models represent a relatively poor fit to the continuum 

polarization of Grw +700 8247 and require broadening far beyond 

the reach of even cool normal white dwarf photospheres. However, 

it is found that the field geometry of a dipole naturally produces 

900 rotations of the position angle of linear polarization 

commensurate, in part, with that of Grw +70°8247. 

Al though recent attention has been highly focussed on the 

line spectra of magnetic white dwarfs, the work in this chapter 

has concentrated on the continuum polarizations. Since the 

discovery of continuum polarization in Grw +700 8247 some 18 years 

ago, its description still remains unsolved. This situation is 

not likely to change until the calculation of the continuum states 

and photo ionization crossections of hydrogen in the 

intermediate-field regime is accomplished. Currently, this is the 

last frontier in the high-field hydrogen problem as well as an 

essential ingredient in the complete understanding of the 

magnetized white dwarf photosphere. 
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CHAPTER 5 

THE DISCOVERY OF NEAR-INFRARED POLARIZED CYCLOTRON EMISSION 

IN THE INTERMEDIATE POLAR BG C MI 

The role played by magnetic fields in cataclysmic variable 

stars (hereafter, CVs) ha.s been a subject of intense interest in 

recent years. Classically, magnetism was neglected, and mass 

transfer was assumed to take place from the red dwarf companion 

(which fills its Roche Lobe) to the white dwarf via an accretion 

disk. The discovery of AM Her variables, or "Polars", showed that 

magnetic fields can in fact determine many of the fundamental 

properties of certain systems. The white dwarfs in these CVs are 

so strongly magnetic (B ::= 20 MG; MG ... 10
6 

G) as to induce 

synchronization of their rotation with the orbital motion and 

prevent the formation of an accretion disk altogether. Instead, 

the ionized accreting material is forced to follow field lines and 

accrete directly onto the white dwarf. Here, cyclotron emission 

originates near a shock above the magnetic polar cap and gives 

rise to the strong circular and linear polarization which is their 

signature. 

In other CVs, magnetic fields may not be strong enough to 

disrupt the disks and produce measure able optical cyclotron 

emission, but they may still dictate the accretion physics very 

near the whi te dwarf. Such is thought to be the case in the 
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"Intermediate Po1ars", which are characterized by coherent, large 

amplitude optical, X-ray and (where studied) infrared brightness 

variations on periods shorter than the orbital periods of the 

systems (e.g., Warner 1983). Although these pulsations are 

generally thought to be related to magnetic po1ecaps of the white 

dwarf rotating in and out of view, Intermediate Po1ars have proven 

notoriously deficient in the circular polarization which could be 

taken as direct evidence of their magnetic nature (e.g., Penning, 

Schmidt and Liebert 1986; Berriman et al. 1986; Cropper 1986; 

Watts et al. 1986). 

The unequivocal detection of cyclotron radiation in 

Intermediate Po1ars is not only an essential step in proving the 

widely accepted model of these systems, it is also prerequisite to 

a deeper understanding of the role of magnetic fields in CVs in 

general. For instance, Warner (1983) has described how magnetic 

fields may be crucial to the understanding of "superhumps" which 

appear during "superoutbursts" of ultra-short period systems, as 

well as to understanding the X-ray and visual pulsations which 

occur during the outbursts of "normal" CVs. 

Penning, Schmidt, and Liebert (1986; hereafter PSL) recently 

reported the discovery of optical circular polarization in BG C Mi 

(3A0729+103) . Although that measurement, an 80' detection at 

nearly a quarter percent, was the first of high statistical 

significance in any Intermediate Polar, PSL were able to conclude 

from this single datum only that a magnetic star indeed exists in 

the system. In this chapter, we report a measurement of the 
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wavelength dependence of circular polarization in BG C Mi from 0.5 

to 1. 6 ~m. At the longest wavelengths accessible to our 

instruments, we have detected circular polarization at a level 

which can only be interpreted as arising from cyclotron emission 

near a magnetic star. 

A. Observations 

New optical and near- infrared polarimetry of BG C Mi was 

acquired during four observing runs between 1986 November and 1987 

March. The optical measurements were obtained as in PSL, using 

the 2.3 m telescope of Steward Observatory and OCTOPOL, a 

polarimeter sensitive over the range 0.32-0.86 ~m. The infrared 

polarimetry was carried out at the Multiple Mirror Telescope. The 

MMT includes oblique reflections in its beam-combining optics 

which can induce significant linear polarization in individual 

telescope beams, but West (1986 or chapter 3) has shown that the 

hexagonal symmetry of the optics cancels this component to an 

accuracy of better than 0.1% for wavelengths longer than the V 

band. Thus, the telescope can be considered to be 

polarimetrically "clean" in the infrared, particularly for these 

observations of circular polarization. 

The infrared data were acquired with the new polarimeter 

IRPOL (West et al. 1987 or chapter 2). This instrument 

incorporates a unique stress-birefringence modulator operating as 

a reversible quarter-wave plate to convert incident circular 
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When followed by a linear polarizer, 

square-wave polarimetric modulation is possible for rates up to 

:::: 10 Hz. IRPOL features low instrumental polarization (:::: 0.1%), 

high polarimetric efficiency (>90%), and, with a Ge photodiode 

detector, high sensitivity over the range 1.0-1.6 ~m. 

The new polarimetry of BG G Mi is summarized in Table 7. For 

completeness, the 1985 data of PSL are also included (corrected 

for a small error in the summed polarization). Throughout, the 

sign convention is such that positive circular polarization 

corresponds to counterclockwise rotation of the electric vector as 

seen by the observer. 

From our initial observations in 1986 November, it was clear 

that, with J :::: 14.8, infrared polarimetry would be difficult to 

obtain. Nevertheless, the result at 1.25 ~m, V - -1.70 ± 0.53%, 
J 

strongly suggested that the object is circularly polarized in the 

near-infrared. We were therefore led to carry out an extensive 

program to improve the quality of this measurement, to investigate 

the possibility of variability in the polarization, and to m'3asure 

its wavelength dependence. The last endeavor included scheduling 

simultaneous optical and infrared runs in 1987 March. At this 

time, the circular polarization of BG G Mi at 1.25 ~m was verified 

at higher signa1-to-noise ratio (V = -1.75 ± 0.30%), and a 2.4a 
J 

detection was obtained at 1.6 ~m (V -= -4.24 ± 1.78%). 
B 

I-band 

circular polarimetry on this and two additional epochs confirms 

the detection of PSL. On 1987 March 21 the level was weak 

(indeed, not significantly different from zero), but of the same 
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Bandpass (/lm) UT Epoch V(%) 

0.32 - 0.86 1986 Dec. 23 -0.053 + 0.051 

0.64 - 0.86 1985 Jan. 22 -0.347 + 0.067 

1985 Mar. 21 -0.235 + 0.038 

Sum -0.262 + 0.033 

0.72 - 0.86 (I) 1986 Dec. 23 -0.341 + 0.106 

1987 Jan. 7 -0.41 + 0.12 

1987 Mar. 21 -0.061 + 0.101 

Sum -0.253 + 0.062 

1.10 - 1. 38 (J) 1986 Nov. 20,21 -1.70 + 0.53 

1987 Mar. 19-21 -1. 75 + 0.30 

Sum -1. 74 + 0.26 

1.40 - 1.65 (H)t 1987 Mar. 21 -4.24 + 1. 78 

Table 7 

Circular Polarimetry of BG CHi (3A0729+l03) 

t Note to Table 1.: 
wavelengths due to the 
detector (see figure 6). 

The H band is biased toward short 
response function of th~ __ Germanium 
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sign as measured on previous occasions. 

Several arguments attest to the integrity of these results. 

first, the 1986 November value at J represents two data sets taken 

in orthogonal orientations of the polarization analyzer. The 

magnitude of polarization agrees between the measurements, but the 

signs are reversed, as expected if the polarization is not 

instrumental in origin. Second, a J-band measurement was made in 

identical fashion in 1987 March of what we presume to be a null 

object: a star only one magnitude brighter than BG C Mi, located 

6.5' Sand 45" W of NGC 3516. This yielded a value for the 

instrumental polarization of V +0.04 ± 0.19%. The high 
J 

modulation efficiency of IRPOL also rules out spurious circular 

polarization due to a residual sensitivity for linear, since a 

leak of 1.7% would require linear polarization in the object far 

in excess of 20%. Further evidence of the ability of IRPOL to 

measure weak polarizations in faint obj ects is demonstrated by 

observations of the magnetic white dwarf LP 790-29. This star is 

no brighter than BG C Mi at J, and known to be positively 

circularly polarized in the optical (Liebert et al. 1978). A 

measurement of it in 1986 November yielded V +2.0 ± 0.4%. 
J 

Finally, we emphasize that two po1arimeters have now been applied 

to BG C Mi, and on all occasions, in all wavebands, the values of 

circular polarization so obtained have been of negative sign. 

The remainder of this chapter discusses the possibility of 

polarimetric variability and strong wavelength dependence of 

polarization in BG C Mi. 
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B. Results and Discussion 

Evidence for Polarimetric Variability 

The time dependence of the J -band circular polarimetry is 

displayed in Fig. 33, coadded for clarity into sets of 8 

contiguous measurements and plotted against the 3.75 hr. orbital 

ephemeris of McHardy et al. (1984). Inspection of this diagram 

suggests that the data are distributed randomly about a mean 

value, with no significant differences between the data sets over 

the six month period of the program. A statistical analysis 

confirms this impression: when compared with a constant value 

equal to the weighted mean of the data (V - -1.74 ± 0.26%), the 
J 

2 X per degree of freedom is 1.4 (51 degrees of freedom). 

The J -band measurements are also not strongly modulated on 

the 15.9 min. period so evident in the optical pulsations of BG C 

Mi. This is illustrated in Fig. 34, where we have grouped the 

data into bins of 0.1 pulsation period, using an ephemeris for the 

photometric maximum of: 

HJD = 2446875.79188 + 0.Ol0572769E. 

This slight revision of McHardy et al. (1984) is based on 

photometry acquired in 1987 March, and agrees with the timings of 

soft X-ray pulsations reported by McHardy et al. (1987). To best 

indicate the precision of the data, uncertainties have been 

computed according to external statistics: each error bar in Fig. 

34 reflects ±l standard deviation of the mean of the measurements 

in that bin. To the eye, the data may suggest a slight periodic 



............ 
~ 
~ .-, 
:> 

to 

Of-

to f-
I 

o 
.... f
I 

J 

BG C Mi (3A0729+ 103) 

I I I 

t ~ 
tit j 

I 

t ! 
i 

j !t j 
o 1986 Nov 21 

o 1987 Mar 19 

I I 

o 0.2 0.4 0.6 

Orbital Phase 

Figure 33 

137 

I I I 

o 1987 Mar 20 

-
D 1987 Mar 21 

I 

0.8 

J band (1.25 I'm) circular polarimetry of BG CMi plotted 
against the 3.75 hr orbital period for 1986 November 21 and 1987 
March 19, 20, 21. The measurements are distributed randomly about 
the mean value V ~ -1.74% ± 0.26% at all epochs. 

J 



138 

BG C Mi (3A0729+103) 

~ r----r----~---.----,---_.----~--~r_--~----~--~----~--~ 

o f-

~ 
I 

o 
-l
I 

J 

o 0.2 

-

0.4 0.6 0.8 

Pulsation Phase 

Figure 34 

The dependence of J band circular po1ariz~tion of BG CMi on 
pulsation phase, binned into intervals of 0.1 of the 15.9 minute 
pulsation period. Pulsation phases have been computed according 
to the ephemeris given in the text. A least-squares sinusoidal 
fit to the data, indicated by the dashed line, is a curve of zero 
amplitude. 
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variation with pulsation phase; however, the best-fit sine curve 

is one of zero amplitude about the weighted mean of the points: 

v - -1.85 + 0.30%. On the basis of Fig. 34, we can rule out the 
J 

existence of any sinusoidal modulation of circular polarization at 

1.25 p.m whose amplitude is equal to or greater than this mean. 

There was, however, indication of significant J -band brightness 

variations during the polarimetric observations which were in 

phase with the optical ephemeris of BG C Mi. 

Due in part to the abbreviated response of the Ge detector on 

the long-wavelength side of the H-band, the result at 1.6 p.m is of 

lower statistical significance, and only statistical variations 

are evident. Finally, we note that the new I band (0.72-0.86 p.m) 

polarimetry confirms the weak negative circular polarization found 

by PSL in the optical. The 1987 March measurement is somewhat 

smaller than the previous measurements, but within 2a of the mean. 

The Wavelength Dependence Qf Circular Polarization 

The detections of optical red and infrared circular 

polarization described above are the first of high statistical 

significance for any Intermediate Polar. Since there is no 

convincing evidence of variability with epoch, and the energy 

distribution was apparently constant throughout (V ~ 15.5, 

J ~ 14.8, H ~ 14.8), we take the summed values from Table 7 to be 

representative of the wavelength dependence of circular 

polarization of BG C Mi. This wavelength dependence is depicted 



in Fig. 35. 
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Here, error bars in wavelength represent the half-

power points of the bandpasses and effective wavelengths have been 

estimated for the optical-infrared spectrum of BG C Mi (F :::: 
V 

constant). The figure shows a dramatic increase in polarization 

from the visual toward the infrared, at least as far as 1.25 ~m. 

The measurement at 1.6 ~m suggests that the level may continue to 

increase through the H band, but more definitive measurements are 

warranted. Nevertheless, there is a 97% probability that the 

polarization at H is less than zero, and the level of :::: 2% present 

at J is by itself sufficient to rule out all plausible sources of 

circular polarization other than cyclotron emission. For example 

magnetobremsstrahlung, which may be responsible, in part, for the 

continuum polarization of isolated magnetic white dwarfs, is a far 

less efficient polarizing mechanism, and by itself gives rise to a 

linear dependence of polarization upon wavelength (Kemp 1977). To 

achieve the steep rise toward the infrared which we observe in BG 

CMi, the bremstrahlung flux would have to be greatly diluted in 

the visible. There is no evidence for such a strong diluting 

component in the smooth spectrum of BG CMi. Cyclotron radiation, 

on the other hand, naturally produces very large circular 

polarization, and a spectrum which emits strongly at 1m., harmonic 

numbers but drops suddenly at higher harmonics when the opaci ty 

declines. Thus, cyclotron radiation need contribute only a small 

fraction of the total light at near-infrared wavelengths to 

account for the observed polarization, and would not be obvious in 

the overall flux distribution of the object. Thus we take this to 
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Figure 35 

The wavelength dependence of circular polarization in BG eMi, 
co-added over all epochs. Error bars in circular polarization are 
± 1 a standard deviation; half-power points and effective 
wavelengths of the bandpasses are also indicated. 
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be the first identification of cyclotron emission in an 

Intermediate Polar, and conclude that the basic model of a 

magnetic accreting white dwarf is correct. 

The most liberal estimate for the magnetic field in the 

cyclotron emission region of BG C Mi is obtained if it is assumed 

that the polarization measured at J is radiated near the cyclotron 

fundamental. In this case, B '" 100 MG. HO\vever, the surface 

field cannot be this strong, for the Alfven radius of a 1 M 
o 

white dwarf, 

R 
a 

'" lOll. (B/100 MG)6/7. M-2/7 16 cm, 

is comparable to the orbital separation of a 3.75 hr CV (here M 
16 

. h f .. f 1016 -1) l.S t e mass trans er rate l.n unl.ts 0 g s . The accreted 

gas would then be expected to follow field lines the entire way 

from the secondary to the white dwarf, and the emission-line 

behavior would mimic that of an AM Her system, rather than the 

disk-like characteristics observed by Penning (1985). 

The onset of circular polarization in the range'" 1-1.5 ~m in 

BG C Mi appears remarkably similar to the abrupt rise observed at 

'" 0.4-0.5 ~m in AM Herculis variables (e.g., Schmidt, Stockman, 

and Grandi 1983; 1986). In the latter systems, this typically 

corresponds to harmonic number '" 6, and is due to the steep 

frequency dependence of cyclotron opacity above the fundamental. 

On the overtly naive assumption that the emitted spectrum scales 

directly with field strength, we might then estimate that the 

magnetic field is in the range '" 5 -10 MG. This value would be 
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consistent with a continuously increasing degree of polarization 

through the H band (Fig. 35), and is in accord with the strength 

deduced by Chanmugam and Frank (1987) from PSL's optical data. 

If the magnetic field is indeed weaker than in AM Her 

systems, accretion would be expected to take place over a larger 

area surrounding the magnetic pole. In this case, circular 

polarization which is roughly constant through the rotational 

cycle (as we have observed in the optical and near-infrared) is a 

natural consequence (Chanmugam and Frank 1987). King and Shaviv 

(1985), among others, have argued that large polecaps are also 

required to account for the sinusoidal shapes of the X-ray 

pulsations. 

C. Conclusions 

BG C Mi is the only Intermediate Polar known to be magnetic. 

New observations reported here reveal that its wavelength 

dependence of circular polarization increases rapidly into the 

infrared, from V = -0.25 ± 0.06% in the optical red to V = -1.74 
I J 

± 0.26% (1.25 ~m). This dramatic rise, which may even continue to 

a level of -4% at H (1. 5 ~m) , is the first conclusive 

identification of cyclotron emission in an Intermediate Polar, and 

confirms that the long-held basic model of a magnetic accreting 

white dwarf is correct. 

If the wavelength dependence of polarization can be scaled 

directly with magnetic field strength from the AM Her stars, the 
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field in the cyclotron emission region of BG C Mi is likely in the 

range ::::: 5 - 10 MG. The lack of strong modulation of J -band 

polarization with rotation period of the magnetic white dwarf 

suggests that the accreting polecap is large, as first suggested 

by X-ray studies of these objects. 
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CHAPTER 6 

SUMMARY 

In this work, the construction of a new type of near-infrared 

polarimeter and its application to isolated highly magnetic white 

dwarfs and the intermediate polar BG C Mi were discussed. 

A. Instrumentation 

Near-infrared Polarimeter: 

The novel near-infrared polarimeter design, discussed in 

chapter 2, is optimized for integrating detectors. Central to the 

success of the instrument is a versatile mode of 

stress-birefringent modulator operation which simultaneously 

allows the selection of chopping frequency (~ 5 Hz) and 

quarter-wave spectral tuning for 1 ~ A ~ 3 ~m with very high 

modulation efficiency. Two detector-analyzer packages were 

developed. The first uses a single germanium photodiode and HR 

polaroid analyzer and achieves an uncertainty in circular 

polarization of 1% for a J = 14.5 magnitude object with the MMT in 

0.5 hr. The second package is centered around a 12 x 30 pixel 

HgCdTe array and MgF Wollaston prism and provides 4 polarimetric z 

channels to simultaneously measure the two complementary 

polarization states of both object and sky. Therefore, compared 

to the germanium system, this package achieves substantially 

higher throughput, extended spectral coverage, higher analyzer 
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efficiency, and proper cancellation of systematic errors that 

result when a polarimeter is operated in a "staring" mode. In 

addition, the systematic errors of quarter-wave modulator 

polarimeters were modelled with Mueller matrices. One of the 

conclusions was that an oblique reflection could occur between the 

modulator and analyzer without adverse effects. 

Instrumental Polarizations Q..f. the MMT: 

Because a large telescope is essential when measuring small 

infrared polarizations of faint obj ects, the instrumental 

polarizations of the MMT were calculated using Mueller calculus. 

It was found that the oblique reflections of the tertiary and beam 

combining mirrors introduce substantial spurious polarization, 

however the hexagonal symmetry of the telescope cancels these 

large variations and produces, instead,' a polarimetric efficiency 

term that is a function only of spectral bandpass and not sky 

position. Furthermore, "'ith an aluminum coating, the efficiency 

is greater than 90% for A > 0.5 ~m and almost 100% in the 

near-infrared. The polarimetric crosstalk, over the same spectral 

interval, is small enough to easily allow 0.1% polarimetric 

accuracy with a high tolerance for beam mis-matching and stack 

decay. The conclusion is that the MMT behaves like a "clean" 

Cassegrain for A > 0.5 ~m (especially in the near-infrared). 
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B. Science 

Isolated Magnetic White Dwarfs: 

The continuum polarizations of isolated highly magnetic white 

dwarfs (B ~ 100 MG) were investigated both observationally and 

theoretically. State-of-the-art optical and near-infrared 

polarimeters were applied to yield the most complete broad-band 

survey throughout the spectral region 0.35 - 1.65 ~m to date. A 

remarkable apparent correlation in the linear polarizations of 

Grw +70°8247, GD 229, and G 240-72 is discovered. In addition, no 

evidence for rotation, with time, was found for any of the five 

stars. 

Hydrogen bound-free opacity is qualitatively investigated for 

B ~ 10
8

_10
9 

G. This so-called intermediate-field regime is 

characterized by comparable Lorentz and Coulomb forces on the 

atomic electron, and therefore the description of the continuum 

states and photoionization crossections are not well known. The 

transition energies from the n - 2 state of hydrogen into 

low-lying quasi-Landau states were calculated with the aid of 

recent high-field hydrogen calculations. Combined with an 

extension of the results of hydrogen photoionization in pulsars, 

it is shown that bound-free transitions of hydrogen probably 

contain all the necessary ingredients for an eventual description 

of the continuum polarization of Grw +70°8247 - - including the 90° 

rotation of linear polarization. 

Additionally, cyclotron and magnetobremsstrahlung absorptions 
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in a dipolar magnetic field distribution were modelled. Overall, 

the models represented a relatively poor fit to the continuum 

polarization of Grw +70°8247 and required broadening far beyond 

the reach of even cool normal white dwarf photospheres. However, 

it is discovered that a dipolar field geometry quite naturally 

produces 90° rotations of the position angle of linear 

polarization commensurate, in part, with that of Grw +70°8247. 

Even though 18 years have elapsed since the discovery of 

continuum polarization in Grw +70°8247, its description still 

remains unsolved. The situation is not likely to change until the 

calculation of continuum states and photo ionization crossections 

of hydrogen in the intermediate-field regime as well as the 

complete formulation of radiative transfer in highly magnetized 

photospheres are solved. 

~ Intermediate Polar BG ~ Mi: 

BG C Mi is the only intermediate polar known to be magnetic. 

New observations reported here revealed that its wavelength 

dependence of circular polarization increases rapidly into the 

near-infrared, from V = -0.25 ± 0.06% in the optical-red to 
I 

v = -1. 74 ± 0.26% (1. 25 }.Lm). This dramatic rise, which may even 
J 

continue to a level of -4% at H, is the first conclusive 

identification of cyclotron emission in an intermediate polar, and 

confirms that the long-held model of a magnetic accreting white 

dwarf is correct. 

If the wavelength dependence of polarization can be scaled 
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directly with magnetic field strength for the AM Her stars, the 

field in the cyclotron emission region of BG C Mi is likely in 

the range = 5 - 10 MG. The lack of strong modulation of the 

J-band polarization with rotation period of the magnetic white 

dwarf suggests that the accreting po1ecap is large, as first 

suggested by X-ray studies of these objects. 
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APPENDIX A 

I. Detector Noise and Gain calibration. 

For the integrating circuit shown in figure 5, amplifier 

noise dominates all other noise sources. Johnson noise is 

established on a time scale Re, which for the diode-JFET 

combination is ~ 106 seconds, and reset noise makes no 

contribution. 

The effective gain and noise of the system can be determined 

by calibrating the variance in the output signal as a function of 

input intensity. In 

where 

and 

F total flux 

N - number of 

G = Effective 

D Dark flux 

By writing the 

2 
0' 

F 

general: 

F= N·G + D 

(ADU/s) 

electrons 

gain (ADU/e) 

(ADU/s) 

error equation of 3-1, 

[aFJ 2 [aF] 2 [aF] 2 aG O'~ + aN O'~ + aD O'~ 

and taking 2 
0' = 

G 
0, we obtain: 

2 
0' 

F 

Since 0'2 = Nand N = (F-D)/G, we obtain: 
N 

A-I 

A-2 

A-3 

A-4 

which has the form of a linear equation y = ax + b where a = G = 

gain (ADU/el), and b = 0'2 (ADU2
) is a measure of all sources of 

o 

electronic noise. To obtain the noise in electrons (0' ), we take 
e 



F = 0 and note that N = (F-D)/G: 

0' 
o 
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A-S 

The actual calibration is obtained by illuminating the 

photodiode and performing hundreds of integrations. The mean of 

all integrations (at a given flux) represents the flux (F), while 

the variance of these integrations is a measure of the noise 2 
0' • 

F 

Some experimentation showed the dark flux to be negligible (of 

order 10 e1/s) compared to even modest light levels. Figure 36 

shows the results for the diode and circuit show in figure 5. We 

find an effective gain of 182 ± 90 e1/ADU and, in an integration 

time of one second, and an amplifier noise of approximately 190 

electrons. 

The NEP of the entire arrangement was found to be about 

Therefore, in a one-second integration, the 

photometric signal from a J-1S object with the Steward 2.3m 

telescope is equal to the noise produced by the electronics. II. 

II. Data Reduction 

During the eight-position cycle of the waveplate comprising a 

single observation, several measurements of a single Stokes 

parameter are made. Because of the complex nature of a 

theoretical noise description, external statistical analysis seems 

the most appropriate way to handle the errors. During a complete 

cycle of the waveplate, Q and U are measured four times, or V is 
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Figure 36 

The variance in flux as a function of light intensity 
incident on the photodiode. From this graph, the effective gain 
and amplifier noise of the integrating circuit shown in figure 5 
are approximately 180 e1/ADU and 190 e1 respectively. 

40 



measured eight. Calling an individual Stokes parameter 

mean S, and the error of 

apply: 

2 
a

s 

the 

s 
i 

mean as' 

F - F 
+ 

F + F 
+ 

n 

the standard 

s.' 1 
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the 

equations 

where F and F are the fluxes through complementary modulator 
+ 

states, and n is the number of times S is measured. There is no 
i 

weighting of S by flux (F +F ) so as not to bias the result 
i + -

towards a certain systematic effect. 

When measuring circular polarization, the result is simply: 

V - S ± as 

When measuring linear polarization (P2
- Q2 + ~), it can be shown 

that a :::::: a :::::: a . 
p Q u We therefore let: 

a 
p 

a 
Q 

+ a 
u 

2 

The position angle (~) is given by: 

a~ .. 28~65 
a 

p 

p for P >> a 
p 
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APPENDIX 8 

Mueller Matrices for a Polarizer and Retarder 

For completeness, the Mueller matrices for a polarizer and 

retarder of arbitrary orientation are presented in this appendix. 

Because M(p) = P(p+90)-R(p) , these matrices afford an alternative 

formalism with which to evaluate instrumental polarizations. They 

are discussed in depth in Borra (1976) and Shurc1iff (1962). The 

most important result is that a metallic reflection is described 

with only three quantities: the absorption coefficient k, the 

index of refraction n, and angle of incidence ~. 

1 o 

o ZDE 
R(p) ~ 

o ZDE 

o ZEG -ZDG 

o 

-ZEG 

ZDG 

ZG2 _1 

where D = Q sin(~~), E - U sin(~~), G - COS(-21~), U = sin(2p), and 
2 2 

Q = cos(Zp). ~ is the phase shift of the mirror. 
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The matrix for a polarizer P(~) is: 

R +R C (R -R ) 5 (R -R ) 0 
s P 2 s P 2 s p 

1 C
2 

(R -R ) C2(R +R )+252~ C 5 (R +R ) - 25 C ~ 0 
s P 2 s P 2 s P 22 s P 22 sp 

2 
5 (R -R ) 5 C (R +R ) -25 C ~ 5

2
(R +R )+2C2~ 0 

2 s P 22 s P 22 sp 2 s P 2 s P 

0 0 0 2~ 
s p 

where C - cos(2~) and 5 - sin(2~), and ~ - p+90o for a metallic 
2 2 

reflection. Rand R are the intensity reflection coefficients 
p s 

parallel and perpendicular to the plane of incidence. 
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