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7.7 This is a plot of 1 million TP1 and TP2 science frames after bias

subtraction. The bias was calculated using the inverse-slope method

when investigating the level of EM gain that was applied during ac-

quisition. A different bias frame was used for the first 300,000 frames

compared to the remaining. This was based on the observations above

of a decreasing bias over time. Aperture photometry was performed

for a 1.5 pixel radial aperture. . . . . . . . . . . . . . . . . . . . . . . 238

7.8 This is a plot of 1 million RP1 and RP2 science frames after bias

subtraction. The bias was calculated using the inverse-slope method

when investigating the level of EM gain that was applied during ac-

quisition. There is a difference in RP1 to RP2 in terms of the mini-

mum value of the noise floor. . . . . . . . . . . . . . . . . . . . . . . 239

7.9 This is a plot of 1 million RP1 science frames after bias subtraction.

The spikes present in the data are the result of a flashing LED, which

was triggered to flash every 60 seconds. The same plot was found for

the RP2 channel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

7.10 This is a plot of 1 million TP1 science frames after bias subtraction.

The spikes refer to a flashing LED triggered to flash every 60 seconds.

The same plot was found for the TP2 channel. . . . . . . . . . . . . . 241

7.11 This is a power spectrum for the first 3 harmonics of the Crab pulsar

from the RP1 science frames in Figure 7.9 after bias subtraction. The

same plot was found for the RP2 channel. The known frequency of the

Crab pulsar is ∼ 29.69 Hz and it is clear that this is the pulsar. The

characteristic increase in power on the 2nd harmonic is also evident.

Higher harmonics are used data phase folding. . . . . . . . . . . . . . 242

7.12 The same as Figure 7.11 but for the TP1 channel from the bias sub-

tracted data in Figure 7.10. The same plot was found for the RP2

channel. As in the RP1 channel, the frequency of the Crab pulsar

was measured to be 29.6969 Hz for the 1st harmonic. To achieve more

precision higher harmonics are used when phase folding the data. . . 243

7.13 A plot of all phase folded lightcurves for the Crab pulsar from the set

of debiased data in Figures 7.8 and 7.7. The data in TP was phase

shifted -0.0856. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

xxiv



7.14 A plot of the DOLP and Stokes I as a function of phase. The Stokes

analysis was performed using the phase folded lightcurves in Figure
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main pulse (vertical dot-dashed line). The pulse profile (solid line)
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Abstract

Polarised light from astronomical targets can yield a wealth of information about

their source radiation mechanisms, and about the geometry of the scattered light

regions. To date, stellar observations have focused, for the most part, on the

linearly polarised component of the optical emission. Observations have been

restricted due to inadequate instrumentation, and particularly the need for suitable

observing conditions and the availability of luminous targets. The motivation in

developing the Galway Astronomical Stokes Polarimeter (GASP) makes possible

the ability to observe beyond these sources.

GASP is based upon division of amplitude polarimeter (DOAP) (Compain

and Drevillon, 1998), which measures the four components of the Stokes vector

(I, Q, U and V) simultaneously. This work establishes a suitable optical design

that develops GASP as an imaging polarimeter, enabling an acceptable FOV and

pixelscale for a 5-m class telescope. It also focuses on two important aspects of

using the GASP polarimeter - the calibration of GASP as an imaging polarimeter,

and the application of GASP to astronomical targets. The Eigenvalue Calibration

Method (ECM) is used to calibrate GASP by reducing systematic errors as a result

of calibration optics. It includes all the optical elements of the polarimeter in the

output, including the characteristics of the reference ECM samples.

The results of the ECM using GASP as an 8-detector polarimeter give degree

of linear polarisation to accuracies of 0.2%, and the polarisation angle is measured

to within 0.1◦. The ECM was also implemented for GASP using imaging detec-

tors. A number of data analysis methods were explored using image registration

techniques; the calibration was performed on a pixel-by-pixel basis. Comparable

polarimetric errors, when imaging, were found to those using an 8 detector system,

with results of spatial and temporal calibration stability also presented.
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In November 2012, GASP was allocated observing time on the Hale 200 inch

telescope on Palomar Mountain to test the instrument’s limitations, and make

observations of the Crab pulsar whose linearly polarised emission has been studied

extensively. The results of the calibrated data are presented; which were then

applied to observational data, performing Stokes reduction and reconstruction of

polarimetric information. The results of this observing campaign find the ECM

to be a very powerful technique, where GASP was shown to measure observa-

tional polarisation accurately, in particular ± 0.1◦ on the PA. The findings of the

calibration also show that, when imaging, GASP is sensitive to field position; evi-

dence of this is found in observational results of Zenith flat-field when applying a

pixel-by-pixel analysis technique.

Science results of the Crab Pulsar and Nebula are presented. The first set of

results produce polarimetric information for the pulsar and Trimble 28 using a set

of integrated full frame data. These results are compared to what has been found

in the literature. GASP also observed the pulsar at a frame rate > 1000 frames

per second in order to perform phase resolved polarimetry. The findings of these

results are presented in Chapter 7.
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Chapter 1

Introduction: Astronomical
Polarisation & Instrumentation

Optics plays a major role in the engineering of modern astronomy. Every tele-

scope built depends on a precise optical design, and even more so, in the era of

extremely large telescopes. There are many areas in which optics is manipulated in

astronomy; most astronomical instruments such as photometers, polarimeters or

photopolarimeters have been developed using complex optical designs to achieve

a desired output.

The word telescope comes from Greek roots meaning ‘far-seeing’. A Dutch

spectacle-maker from Middleburg is credited with making the first true refracting

telescope in 1608. The use of optics to observe the night sky beyond the human

eye happened in 1609 when Galileo constructed a superior version of this telescope

to demonstrate the magnifying power of a combination of lenses. Galileo used this

optical tool in the discovery of Jupiter’s four major satellites (now known as the

‘Galilean satellites’) demonstrating that bodies other than the Earth might have

other objects in orbit around them, supporting the Copernican view of the solar

system. Galileo was also able to produce the first maps of the Moon, revealing its

rough terrain along the terminator as it passed through different phases. Venus,

too, was shown to have phases. Even the Sun was shown to be blemished as spots

appeared and moved across its face. Evidence from his drawings suggests that

Galileo even saw Neptune in 1613, when it was close to Jupiter, but he failed to

observe it for long enough to recognise that it was not a ‘fixed’ star (Murdin, 2001).

Modern reflecting telescopes (reflectors) are the combination of at least two
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mirrors, one large parabolic primary mirror to gather light, and a hyperbolic sec-

ondary mirror which reflects the light back to the detector, or instrument, usually

taking care of some of the optical aberrations usually introduced by the primary

mirror. There are subcategories of the reflector which include the Gregorian, the

Nasmyth, the Newtonian and the Cassegrain telescope. There are many varia-

tions within these designs, in terms of choice of focal plane and design mounts, all

depending on the science requirement of the telescope and the instruments which

will be used.

The primary role of a telescope is to gather light; there are many ways in

which this light can be redistributed, and analysed, after the fact. One such tool

that provides an abundance of information in astronomy is polarimetry. Far more

astrophysical science come from the ability to determine the polarisation state of

radiation than intensity alone. At some level, all sources of radiation, whether

astronomical or in the laboratory, are polarised. Polarisation is the materialisa-

tion of some anisotropy that is identified with the emission mechanism of light

or the medium through which it propagates, or both. These range from pulsars

(neutron stars), to blazars, which are a class of Active Galactic Nuclei (AGNs),

and Quasi-Stellar Objects (QSOs or quasars). Polarisation can be categorised as

an intrinsic property, directly from some radiation processes (e.g. cyclotron and

synchrotron emission), or extrinsic, from differential absorption of radiation pass-

ing through the interstellar medium and most commonly, scattering of radiation.

It can also be explained by a simple reflection from a surface, or the Zeeman effect;

be it radio waves or gamma rays (Tinbergen, 2003). Another important capability

of polarimetry is the measurement of reflected starlight from an exoplanet, and

scattered dust clouds or exoplanetary atmospheres. This shows that polarimetry

has the capability to be used as a means of detecting extraterrestrial life.

For the most part, astronomical polarimetric observations consist of measuring

the linear component of polarisation. Hough (2006) discusses how circular polari-

sation (CP) can provide many valuable diagnostics. CP is produced when linearly

polarised light is scattered; the CP depends not only on the last scatter but also

on the previous polarisation state of the radiation. This process usually produces

relatively low values of CP (1% or less); but if radiation of any state is scattered

from, for example, aligned dust grains, then much higher CP can be produced.
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Polarimetry has played a very important role in the development of optical

astronomy, by furthering our understanding of the nature of the source of emis-

sion of light. The polarisation of reflected and emitted optical radiation is highly

dependent on material properties and is also influenced by orientation and surface

roughness. Measurement of polarisation can therefore be expected to yield addi-

tional information about target surface features, shape and configuration without

necessarily requiring high spatial resolution, greatly simplifying space optical sys-

tems (McMackin et al., 1999). It can also develop our understanding on the nature

of radiation sources and on the geometrical and velocity relationship between a

radiation source scatterer and observer (Hough, 2005).

Polarimetry, for the most part, uses differential analysis methods and is subject

to variations of systematic errors. Polarised signals can be generated by varying

atmospheric conditions, optical components, and even detector properties. The

advances in observational optical astronomy have been made possible by the use

of precision instrumentation. Astronomical polarimetry in instrumentation is an

intricate combination of optical design, a suitable choice of detector (depending

on the scientific goal), and requires careful instrument design. Many of the points

above are taken under consideration in the course of the work of this thesis and

will be addressed in greater detail in the design stage chapters. Additional refer-

ences regarding astronomical polarimetry can be found in Tinbergen (1996a) and

Trujillo-Bueno et al. (2002).

1.1 What is Polarisation?

The term unpolarised light, or natural light, can sometimes be confusing. It is

sometimes understood to mean that there are no polarisation states present; how-

ever, natural light is actually comprised of rapidly changing polarisation states.

That is to say, all polarisations states are present in unpolarised light. A more

technical description is the following: an ordinary light source consists of a very

large number of randomly orientated atomic emitters (Hecht, 1987). Each atom

radiates a polarised wavetrain for approximately 10−8 seconds. All these emis-

sions will combine, as they have the same frequency, and last for 10−8 seconds.

Therefore, emissions of new wavetrains occur constantly, which results in an overall
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unpredictable means of discerning the polarisation of the wave.

Iceland Spar, a variety of calcite, was involved in the official discovery of polar-

isation in 1669 by Erasmus Bartholinus. He discovered the phenomenon of double

refraction when using this material. In 1690 Christiaan Huygens, a Dutch physi-

cist and astronomer, is recognised for the fundamental discovery of polarisation.

Huygens’s work, entitled ‘Traité de la Lumière’, showed that every point on a pri-

mary wavefront serves as a source of spherical secondary wavelets. The primary

wavefront is therefore an envelope of these wavelets at a later time. He also stated

that the secondary wavelets have the same speed and frequency of the primary

wave at each point in space. This has since become known as Huygens’s Principle.

Figure 1.1: Huygens’s Principle. The image shows the propagation of a wavefront.
Two wavefronts with a common centre. Each point indicated on the first spherical
wavefront (a, b, c, etc.) emits wavelets such that a → A, b → B, etc. The image
on the RHS shows how the second wavefront forms from the combination of the
secondary wavelets. This is known as an envelope of wavelets (Robinson and Clark,
2006).

Huygens interpreted the double refraction of calcite by applying this principle,

that in the crystal, in addition to a primary spherical wave, there is a secondary
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ellipsoidal wave. Each of the two rays, arising from refraction by calcite, may be

extinguished by passing it through a second crystal of the same material if the

latter crystal is rotated about the direction of the ray.

Hecht (1987) describes the term polarisation as the orientation of the vibration

of waves under certain conditions. Polarised light simply describes the direction

in which light is travelling. Only transverse waves can be polarised as their plane

of vibration is perpendicular to the direction in which the wave is travelling.

Figure 1.2: Image description of linearly polarised light. The vector Ẽ is composed
of two vectors Ex and Ey, giving the wave its overall direction (Hecht, 1987).

Figure 1.2 shows a linearly polarised wave; this describes the shape of vibration

of the light as it travels. In general, light is elliptically polarised. Special cases

result in linearly polarised light when ξ = 0, nπ and circularly polarised light (see

Figure 1.3) when ξ = π/2± nπ and Ex = Ey = E0. Namely, ξ = −π/2 or any

value increased or decreased from −π/2 by whole number multiples of 2π.

The polarisation state of light can be modified using a device called a quarter-
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wave plate (QWP). This is a birefringent, crystalline or polymer material of a

specific thickness that changes the state of incoming light, without attenuating,

deviating, or displacing the beam. A linearly polarised beam of light, which strikes

the plate, will be divided into two rays, called the o-ray (ordinary) and e-ray

(extraordinary). These rays are dependent on the two refractive indices of the

materials that make up the wave plate. A 90◦ phase shift is applied to one of

the polarised beams, generating elliptically polarised light. Circularly polarised

light is generated by adjusting the plane of the incident light so that it makes a

45◦ angle with the optic axis of the device. Using a wave plate with unpolarised

light will not have any impact on its polarisation state and the light will remain

unpolarised.

Figure 1.3: Circularly polarised light is a combination of two linearly polarised
light waves. If a phase difference of 90◦ is introduced to the system (one wave
lags the other by 90◦), then elliptically polarised light is generated. If there is a
azimuthal difference of 45◦ between the waves, then circularly polarised light is
introduced (Hecht, 1987).
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When the light travelling from the source (i.e. towards the observer) appears

to be rotating counter-clockwise, the light is said to be right-circularly polarised.

When the light is rotating clockwise then it is called left-circularly polarised light.

According to Hecht (1987), the electric field vector makes one complete revolution

as the light advances one wavelength away from the source. A linearly polarised

wave can be manufactured from two oppositely polarised circular waves (their

amplitudes must be equal). It is possible to refer to a lightwave in terms of its

specific state of polarisation. Linearly polarised or plane-polarised light is in a

P-state, and right- or left-circular light is in the R- or L-state, respectively.

Polarised light can be generated and manipulated by using an optical device

known as a polariser. Natural light passes through the device, and depending

on the nature of the material, polarised light comes out. The mathematical de-

scription of determining whether of not a device can generate polarisation is given

by,

I(θ) = I0 cos2 θ (1.1)

where

I0 =
cε0
2
E2

0 cos2 θ. (1.2)

This was first published by Étienne Malus in 1809 and it is known as Malus’s

Law. Depending on the desired form of the output, there are also circular and

elliptical polarisers. Partially reflecting surfaces, such as a window or the surface

of a pond, reflect one linearly polarised component of incoming randomly polarised

light much more strongly than the others. If a linear polariser is rotated so as

to block this reflected linear component, the reflection will be suppressed. This

describes one classic use of linear polarisers; to remove reflections.

The mathematical relationship between the polarising angle and the refractive

index of the reflective substance was discovered by Sir David Brewster. A special

case of this relationship was presented by Brewster where an incoming polarised

wave composed of two incoherent orthogonal linearly polarised components, only

the component polarised normal to the incident plane and therefore parallel to

the surface will be reflected. This angle was known as the polarisation angle or
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Brewster’s angle, θp. So for a ray moving from a medium of refractive index ni to

a medium of refractive index nt the following is true,

tan θp =
nt
ni
. (1.3)

There have been many other contributions to understanding polarisation as it

is currently known. Christiaan Huygens and Sir Isaac Newton were both aware

of the double refraction phenomenon and later proposed the two-sided nature

of light and the effects of polarisation. Later Malus developed his own work in

reflection. Augustin Jean Fresnel and Dominique François Jean Arago conducted a

series of experiments determining the effect of the interference of light; eventually

suggesting that light might be transverse, as a wave on a string. Fresnel’s work

continued with his famous formulae for the amplitude of reflected and transmitted

light.

1.2 Measuring Polarisation

Polarised, partially polarised, and unpolarised light can be described by a set

of numbers called a Stokes vector. This concept was invented in 1852 by the

Irish physicist, and mathematician, G. G. Stokes. It is the simplest method of

predicting the result of adding two incoherent beams. It also provides a method

of determining the result of how a light beam is affected by the insertion of a

polariser or a retarder. The Stokes vector of the emerging beam can be found

by multiplying the incident vector by a matrix, known as a Mueller matrix (see

Section 5.2), representing the polariser or retarder.

S =


I

Q

U

V

 (1.4)

The operational definition of the Stokes parameters is given by the relationship

I = 2I0 (1.5a)
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Q = 2I1 − 2I0 (1.5b)

U = 2I2 − 2I0 (1.5c)

V = 2I3 − 2I0 (1.5d)

where the values for I0 - I3 represent the measured intensities from the polarime-

ter, depending on the type of polarimeter explained in more detail in Section 1.2.1.

The state of polarisation of light can be produced for experimental need; it

can be measured in the laboratory using an instrument called a polarimeter. Most

polarimeters contain two basic elements, a modulator and an analyser. The mod-

ulator switches Q, U or V at regular intervals leaving I constant. A fixed analyser,

or polariser, ensures that the detector measures only intensity (Hough, 2006). An

ideal polarimeter should be designed so that it is limited, only, by photon shot

noise and should not be sensitive to atmospheric effects and system gain effects.

There exist some various modulators such as photoelastic modulators, Pockels

cells and liquid crystals that can be regulated by applying a voltage, and crystal

wave plates that are mechanically rotated. Analysers commonly take the form

of dual-beam polarising prisms, such as Wollaston prisms, that lead to greater

accuracy in measuring polarisation. Simultaneously, analysers image both orthog-

onal polarisation states on to the detector, providing the most efficient use of the

incident light.

Before the charge-coupled device (CCD) detector was brought into use most

(single element) optical detectors, used in astronomy, had a very fast frequency

response, no readout noise, and the dark current could be made very low by cooling.

High frequency response meant there was a use for a large range of modulators.

If the modulation rate is higher than 1 kHz atmospheric effects (e.g. scintillation)

are mostly eliminated and a simple but efficient polarimeter can be constructed

that consists of the modulator, a single beam analyser and a fast detector. It

can be noted that a Wollaston prism, i.e. a dual-beam analyser, is not needed to

obtain accurate polarimetry; however, including such a device, along with a second

detector, provides twice the throughput and the observing time is reduced by a

factor of two.

The introduction of the CCD with long integration times (seconds to minutes)
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was done because of its high quantum efficiency (QE). There are many advantages

to using an imaging detector as part of a polarimeter. Depending on the anal-

ysis employed, more detail can be observed at a finer resolution than that of a

1D detector system. With the improved technology today, for example EMCCD

detectors (electron multiplying), faster readout rates are possible by the detection

of weak photon signals that would otherwise be lost within the noise floor of the

readout electronics.

1.2.1 Stokes Polarimeters

A description of how a Stokes parameter is represented has been described above.

A Stokes polarimeter is an instrument which measures light in this form. The

information extracted from this light depends on the type of polarimeter, and its

limitations. These limitations are due to the polarisation optics used. These optics

control the state of polarisation that will be measured, and the modulation rate

determine the information that can be deduced from a given state. Polarisation

can be measured in a number of ways. Two types of polarimeters that have been

in use for some time are the following:

• Polaroid-type polarimeter

• Dual-beam polarimeter

1.2.1.1 Polaroid-Type Polarimeter

A Polaroid-type polarimeter uses a linear polariser, i.e. a polaroid, to measure

linear polarisation. The polariser can be used to measure light at 0◦ to measure

Stokes U and 45◦ to measure Stokes Q. This is a very simple method for measuring

polarisation it is, however, not capable of simultaneous measurements, subject to

cross-talk and it cuts out half the light entering the system.

To convert a Polaroid polarimeter to a circular polarimeter, a polariser and a

quarter-wave plate are used. The same disadvantages are also true for this kind of

system.
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Figure 1.4: A Dual-beam polarimeter can be used to measure orthogonal polari-
sation signals simultaneously. A birefringent material, such as a Wollaston prism,
may be used to split the incident light. This image shows how the dual-beam po-
larimeter can be rotated by 180◦ to negate issues such as gain differences, however,
a half-wave plate may be used to switch the beams instead (Corbett, 2009).

1.2.1.2 Dual-Beam Polarimeter

A dual-beam polarimeter is useful as instead of cutting out one polarisation, and

keeping the other, both can be measured simultaneously. This can be achieved by

splitting the light with a birefringent material, such as a Wollaston prism. The

Wollaston prism then acts as a polarisation analyser. A large enough detector

(such as a CCD with a large enough chip) is needed to capture both beams, or

2 detectors, such as PMTs (photon multiplier tubes) or APDs (avalanche photo-

diodes). Factors such as gain differences become an issue, however, this can be

solved by rotating the Wollaston, or adding a half-wave plate (and rotating this

instead) to switch the beams and average the polarisation sampling (Corbett,

2009).

Moving on from this design, some polarimeters use crystal wave plates before

array detectors were introduced. Slow modulation rates meant that resolving a
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Stokes parameter (Q, U or V) required that each parameter was integrated at two

positions of the wave plate. This is because even the slightest atmospheric changes

between the two wave plate positions could influence the measured Stokes vector.

This problem was overcome easily by using a dual-beam polarising prism so that

both orthogonal polarisations were imaged simultaneously by the detector (Tin-

bergen, 1996b). Since the sum of these two states is the total intensity, any changes

in atmospheric transparency can be compensated for in the data reduction. With

this method two images are produced on different areas of the detectors that will

have very different sensitivities (referred to as gain). These cannot be calibrated

better than a few tenths of a per cent, however, by reversing the polarisation states

(using a rotated half-wave plate for 1 second exposure) the effects of the different

gains can be eliminated, as described above.

1.2.2 Polarimetry Techniques

• Division of Time Polarimeter (DOTP) - otherwise known as Time Sequential

– The most common time of polarimeter

– Instrument configuration changes between measurements

– Analogy: filter-wheel camera in spectral imaging

• Amplitude Division

– Beamsplitter (Wollaston)

• Aperture (wavefront) Division

– Segmented pupil

The objective of an imaging polarimeter is to retrieve parameters that describe

the state of polarisation in every instantaneous field of view (IFOV) of an imaging

sensor. Each of the above types can be used as an imaging polarimeter.

An instrument that measures the polarisation state of light:

• A complete polarimeter provides I, Q, U and V
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• An incomplete polarimeter provides I and Q, and U or less

A complete polarimeter is based on a rotating retarder and a fixed polariser,

or a beamsplitter design. In general, polarimeters (for imagers or spectrometers)

follow the same basic principle; they are based on a polarisation modulator followed

by an analyser, which converts any polarised component into a light intensity that

is measured by the detector.

1.2.2.1 Aperture (wavefront) Division

A principle has been applied by Collett (1980) to measure all four Stokes param-

eters simultaneously using a technique called division of wavefront (DOW) of the

beam (its cross-section, usually after expansion) into at least four segments, and

placing a different stationary analyser in each segment. Photodetectors are placed

after these fixed analysers to record signals that determine the four Stokes pa-

rameters. The DOW technique is limited by the requirements that the beam be

uniformly polarised over its cross-section, that the proportions of the total light

flux in different wavefront segments be known, and that the absolute responses of

all photodetectors be the same or be calibrated (Azzam, 1982).

1.2.2.2 Amplitude Division

In division-of-amplitude photopolarimeter (DOAP), see Figure 1.5, the key element

is a beamsplitter divides an incident beam under measurement iin into reflected

(r) and transmitted (t) beams, which are each split again to give i1, i2, i3, and i4.

Azzam et al. (1988) shows how the intensities are in two orthogonal trans-

verse directions of the reflected and transmitted beams are measured by Wollaston

prisms (or any similar polarising elements) WP1 and WP2, which are followed by

linear photodetectors whose electrical output signals are measured as i1 - i4.

Compain and Drevillon (1998) explain how DOAP is the most extensively used

technique in a large number of applications; it offers a real-time complete measure-

ment of polarisation with neither modulation nor moving parts (Delplancke, 1997).

Compain and Drevillon (1998) present a design called the prism DOAP, based on

the principle of the DOAP, which can be used in a large spectral range, limited

only by the transparency of the materials. The crucial improvement over classical
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Figure 1.5: The optical layout of a DOAP configuration. The main beamsplitter
divides the incoming light into r and t, the reflected and transmitted light beams,
respectively. The light is then split on each path again by polarising beamsplitters,
usually Wollaston prisms indicated by W1 and W2. This is a general design layout
compatible with most telescopes and detector systems (Azzam et al., 1988).

polarimeters, limited to narrower spectroscopic ranges, is obtained by use of only

refractive-index contrast effects for splitting the light beam. The demonstrated

efficiency of the prism DOAP is characterised by the balance between the intensi-

ties of the secondary beams together with close-to-optimal polarimetric properties.

This design also pays particular attention to the sensitivity of the polarimeter as

a function of the angle of incidence.

1.3 Current Instrumentation

Using polarimetric techniques is more widespread now in the fields of solar, stellar

and now exoplanetary astronomy. As has been described in previous sections, the

polarisation properties of a beam of radiation can be characterised in different

ways but rely on four independent quantities, known as a Stokes vector (Landi

Degl'Innocenti et al., 2006).
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Astronomical polarimeters have been developed for many varied science cases,

some of which include magnetic field detection, and a measure of magnetic field

strength and structure. The sensitivity and time resolution of the polarimeter is

dependent on the type of source for which it has been developed. Traditionally,

optical polarimetry has focused on objects that exhibit static, or slowly changing

polarisation; sources that have well defined periodic behaviour (Collins et al.,

2009).

RINGO (optical ring-polarimeter) was developed for the Liverpool Telescope.

It was designed for rapid (< 5 minute) follow-up observations of Gamma Ray

Bursts (GRBs) to measure early time polarisation (to an accuracy of 0.1%) and

its evolution for the first time. The first GRB afterglows were discovered in the

X-ray and optical in 1997. According to Steele et al. (2006), measurements of

the degree and angle of polarisation in early-time light curves could therefore

provide unique information of ejecta geometry and magnetic field strength and

structure. Further science with RINGO involves measuring the time evolution of

the polarisation properties which would provide the most stringent tests of current

jet and internal shock model predictions. RINGO uses a novel ring polarimeter

concept, Clarke and Neumayer (2002) based on a principle by Treanor (1968). This

rotating Polaroid is used to modulate any polarised flux in the collected radiation.

This is followed by co-rotating deviating optics so that each star image is recorded

on the CCD chip as a circular pattern. Therefore, the polarisation signal is mapped

out around the ring in a sin 2θ pattern (Steele et al., 2010).

The advantages of a device like this include the potential for high-precision

measurements using CCDs (flux is spread over many pixels reducing the normal

saturation constraints on high-precision photometry). RINGO successfully mea-

sured the polarisation of two GRBs. A disadvantage of the RINGO design was

overcrowded fields which caused overlap in the rings and issues in data extraction.

The speed of the rotation also limited polarimetric accuracy. RINGO2 was devel-

oped to improve upon the sensitivity of its predecessor, RINGO, roughly a two

order magnitude gain. The following improvements were made:

• Use of an EMCCD detector for rapid readout of the time varying signal no

need to convert signal to a spatial ring
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• EMCCD provides signal multiplication allowing fast readout with negligible

readout noise. Excess sky is removed - improved sensitivity

• Data can be rebinned on any time scale due to low read noise

• Trade polarimetric accuracy for time resolution after the event to optimise

science data products

• EMCCD detector fast readout allowed for a faster rotation period of the

Polaroid, resulting in improved time resolution

HIPPO is a High-speed Photo-POlarimeter developed by the South African

Astronomical Observatory (SAAO) for their 1.9m optical telescope. HIPPO uses

rapidly counter-rotating (10 Hz), super achromatic half- and quarter-wave plates,

a fixed Glan-Thompson beamsplitter and two photo-multiplier tubes (Potter et al.,

2008). The PMTs record the modulated ordinary and extraordinary beams. Each

modulated beam gives an independent measurement of the polarisation and there-

fore simultaneous 2 filter observations. All Stokes parameters are recorded every

0.1 seconds and photometry every 1 millisecond.

Figure 1.6: A schematic of the optical layout of the HIPPO polarimeter (Potter
et al., 2008).
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HIPPO’s purpose is to measure all Stokes parameters (simultaneously), multi-

filtered observations of unresolved astronomical sources. It also aims to investigate

rapidly varying polarised astronomical sources such as magnetic Cataclysmic Vari-

ables (mCVs).

HIPPO is composed of a collimating lens where a polarisation wheel for cali-

bration is placed, followed by half- and quarter-wave plates, see Figure 1.6. The

calibration wheel consists of 2 linear polarisers, 1 circular polariser (a linear po-

lariser followed by a quarter-wave plastic retarder), a Lyot depolariser and an open

position. HIPPO uses this wheel for calibration and efficiency measurements of the

instrument/telescope. A Thompson beamsplitter then produces the ordinary and

extraordinary beams. The wave plates are contra-rotated at 10 Hz therefore mod-

ulating the extraordinary beams. Modulation is sufficiently rapid that any errors

as a result of variable atmospheric conditions or telescope guiding modulations,

are reduced. Measurements of all Stokes parameters are made simultaneously from

the modulated beams.

The first scientific results from HIPPO shows a dip, once per orbit of one

particular mCV. This has been attributed to absorption of emission from the

accretion shock by the accretion stream. Stream absorption has been favoured

due to photometry and polarimetry not showing very distinct bright and faint

phase over orbital cycle. It has also observed the first polarised quasi-periodic

oscillation (QPO).

The Optical Pulsar Timing Analyser (OPTIMA), see Figure 1.7 is a high time

resolution photopolarimeter (Kanbach et al., 2008). The instrument was primarily

designed to study the optical light curves of faint pulsars and other highly vari-

able targets (S lowikowska et al., 2009). The instrument consists of 4 main parts:

the photon-detectors, the data acquisition unit, the field-view unit and a Twin-

Wollaston prism polarimeter. OPTIMA utilises Avalanche Photodiode (APD)

modules that are fibre fed to a field-view unit. This unit is used to position the

fibres on a target on the sky (Stefanescu et al., 2008). Pointing is achieved through

a slanted mirror (where the fibres are mounted) and a CCD detector with a focal

reducer.

OPTIMA has different operating modes. These are photometry, polarimetry,

and spectrometry. The OPTIMA polarimeter system is an example of a division
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Figure 1.7: Graphical description of the OPTIMA-Burst system. This figure shows
the optical path to the polarimeter. For all other apertures, the fibres terminate
directly within the slanted mirror in the fieldview unit (Stefanescu et al., 2008).

of time polarimeter (DOTP). For polarimetric observations, OPTIMA is equipped

with an aperture-division Twin-Wollaston polarimeter. Collimated light is fed onto

the polarimeter by an achromatic lens. Two Wollaston prisms are rotated to one

another by 45◦. The incident light is split up into the two polarisation projections

0◦ and 90◦ by one Wollaston and 45◦ and 135◦ by the second. The four beams are

re-imaged by four fibres and Stokes I, Q and U are calculated. OPTIMA is also

used for very high time resolution observations of the Crab pulsar as a function of

pulsar rotational phase.

Solar polarimetry is a growing field and has lead to new insights into a variety

of physical phenomena in the solar atmosphere. The Zeeman effect is the splitting

of a spectral line into two or more components of slightly different frequency when

a light source, or an atom, is placed in a magnetic field. The Zeeman effect has

been used in the observation and interpretation of polarisation for a long time. It

has also been used as a diagnostic tool for solar magnetism.
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The technological advances that have been made, regarding imaging detec-

tors in particular, in the last few years have allowed for more detailed analysis

of non-magnetic line polarisation caused by scattering in the upper layers of the

photosphere and in the chromosphere. This polarisation has a rich spectral struc-

turing due to different physical mechanisms contributing to the linear polarisation

that is observed near the solar limb where the observational geometry is favourable

to detect the scattered radiation (Gandorfer et al., 2004).

ZIMPOL is the Zurich Imaging Polarimeter(s) - ZIMPOL I and II. The ZIM-

POL instrument corrects for the two major systematic error sources:

1. Seeing-induced cross talk is avoided by ultrafast polarisation modulation in

the tens of kHz range.

2. Noise contributions by the gain table or flat field effects are ruled out by a

special CCD sensor that is itself used as part of a synchronous demodulator

(Povel, 1995, 2001; Povel et al., 1989, 1994; Gandorfer and Povel, 1997).

The sensitivity of the polarisation analysis is dominated by the shot noise of

the collected photoelectrons. Previous versions of the ZIMPOL polarimeter were

based on a three phase buried channel silicon CCD, which is front illuminated. This

device is sensitive only above 450 nm since the shorter wavelengths are absorbed

in the polysilicon electrodes, thus limiting the wavelength region of the second

solar spectrum. ZIMPOL takes advantage of the urgent need for a highly sensitive

polarimetric system working in this promising part of the solar spectrum.

The problem with CCD imaging at high frame rates (100 Hz range) lies in

maintaining a low readout noise at low photon flux and high spatial and/or spectral

resolution at the high pixel clock frequency, typically 10 MHz, needed to obtain

a high frame rate. Readout noise becomes comparable to the shot noise of the

charge accumulated per pixel during one frame period.

ZIMPOL I and, at a later stage, II solves this problem by using masked CCDs.

Every second row of the CCD chip of ZIMPOL I is covered by an opaque mask

which allows the device to separate the charges generated at two different phases of

the modulation. The charges are shifted back and forth vertically, synchronously to

the modulation and the frame is read out after integration over many modulation

cycles.
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The advantages of this technique are:

1. Independence of the responsivity of individual pixels - both polarisation

states are detected with the same pixel.

2. The combination of fast (≥ 1 kHz) polarisation modulators with CCDs.

3. Integration over many modulation cycles without readout of the frame.

4. Simple and compact set up.

The ZIMPOL I cannot simultaneously detect signals at several frequencies

and/or phases, and therefore is sensitive to only one polarisation parameter. The

simultaneous measurement of all Stokes parameters has been introduced with ZIM-

POL II. The frequency and phase detecting capabilities of the CCD demodulator

have been extended by increasing the number of buffer rows. With 3 covered buffer

rows and one uncovered row the modulation cycle can be sampled at 4 intervals by

vertically shifting the frame synchronously to the modulation. If the modulation

pattern is selected appropriately, 4 modulation parameters corresponding to the

4 Stokes parameters can be recorded simultaneously with a single CCD (Stenflo

et al., 1992; Gandorfer, 1999a,b).

Seeing induced errors are avoided using a fast polarisation modulation scheme

with modulation frequencies in the kHz range. The modulator consists of one

photoelastic modulator (PEM) followed by a Glan linear polariser. Circular po-

larisation is modulated at the mechanical vibration frequency of the modulator.

One component of the linear polarisation is modulated and the other component

is not. The PEM periodically modulates the incoming polarisation. This polar-

isation modulation is converted into a periodic intensity modulation via a linear

polariser, which acts as an analyser. This configuration does not allow for simulta-

neous detection of Stokes Q and U, the whole modulator package can be rotated.

In this way Stokes I, Q/I and V/I is measured with one setting of the modulator

package, while I, U/I and V/I is measured in a second exposure with the modu-

lator package being rotated by 45◦. Stokes I and V/I are thus detected in both

exposures, while the components of the linear polarisation are detected alternately.
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Simultaneous detection of the complete Stokes vector in a single CCD exposure is

currently not possible in the UV range.

When light is reflected from planetary atmospheres, it is generally polarised.

Polarimetry can be used to distinguish the faint signal of the planet from the unpo-

larised light of the parent star. ZIMPOL has also been used in conjunction with an-

other instrument, a planet finder called SPHERE (Spectro-Polarimetric High con-

trast Exoplanet REsearch) for measuring these faint signals. The SPHERE/ZIMPOL

polarimeter system is another example of how the DOTP technique is used. A fast

modulation-demodulation polarimeter has been developed, which combines the

high contrast imaging of SPHERE with high-precision polarimetry of ZIMPOL.

The SPHERE/ZIMPOL system is optimised for the search of reflected polarised

light from old giant planets around nearby stars for wavelengths of 520 - 900 nm.

The instrument has many other science capabilities besides exoplanet research.

This can be achieved in imaging mode with the diffraction limited resolution of 15

- 20 milliarcseconds provided by the 8.2 m VLT unit telescope and the SPHERE

extreme AO system.

1.4 Systematic Errors in Polarimetry

Keller (2002) describes astronomical polarimetry as often limited by systematic

instrumental errors rather than by statistical errors such as photon and readout

noise, in particular in highly sensitive solar observations. The following instru-

mental errors are commonly encountered in high-precision polarimetry:

• Atmospheric seeing and guiding errors

• Instrumental polarisation due to

– Telescope and instrument optics

– Polarised scattered light in telescope and instrument

– Angle, wavelength and temperature dependence of retarders

– Crystal aberrations

– Polarised fringes
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• Ghost images

• Variable sky background

• Unpolarised scattered light in atmosphere and optics

• Limited calibration accuracy

Air is not birefringent. This means that seeing does not produce polarisation

as such. However, when polarisation measurements are not carried out simulta-

neously, seeing can introduce spurious polarisation signals because sequentially

recorded images will be distorted differently by seeing. The same holds for tele-

scope guiding errors. Therefore, sequential polarisation measurements should be

modulated at a frequency that is faster than typical seeing frequencies, which are

on the order of a few hundred Hz. According to Keller (2002), to completely avoid

this issue, measurements should be carried out simultaneously.

An experiment was carried out by Sen and Kakati to determine instrumental

polarisation and depolarisation effects on a 2.3m telescope having beam sizes f/3.23

and f/13 at the prime and Cassegrain focii (Sen and Kakati, 1997). They discovered

when polarimetry is conducted for a single point object, the object is normally

placed on the telescope’s axis (i.e. the field angle for the object is zero). As each

unpolarised ray of light falls on the metal coated mirror surface, it is polarised due

to oblique incidence. The rays, after being reflected from the primary mirror, also

get reflected at the secondary mirror and the polarisation state of the rays gets

complicated with a mixture of linear and circular polarisation. However, they also

found that if the object is on the axis of the telescope, all the rays are incident

on primary parallel to the telescope axis. Thereby, in the case of prime focus or

Cassegrain focus, there will be a total circular symmetry for these rays and the

net polarisation effect for all the rays considered together will be zero. Thus, the

instrumental polarisation will always be zero for an on-axis object point due to

the above mechanism.

However, it was also discovered that for an off-axis object point, the field

angle will produce some finite value of instrumental polarisation. When the field

angle is different from zero the Stokes parameters Q, U and V for the rays for

an unpolarised star add up to give a non-zero instrumental polarisation effect.
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Compared to the other sources of instrumental polarisation, this effect produces

polarisation values too small to be detected by any polarimeter. Also, objects are

normally not observed off-axis and thereby such effects are normally ignored. As

discussed in detail by Serkowski (1974), in polarimetry there are mainly two kinds

of errors:

1. The telescope’s polarisation uncertainty (or noise) (δp) in the estimated val-

ues of polarisation due to photon count statistics, which is in general ∼ δI/I

(Sen et al., 1990); where δI is the uncertainty in measured intensity (I) and

2. ‘instrumental polarisation’, arising due to the polarimeter optics, is mostly a

systematic error. However, such an instrumental polarisation can also arise

due to the telescope optics itself.

The ‘instrumental polarisation’ due to the polarimeter can be caused by the

chromaticity and incidence angle dependent performance of the optical compo-

nents (like polarisers, analysers etc.) and also unnecessary reflection from such

components (Serkowski, 1974). In addition, errors in polarisation measurements

can also be due to the varying sky background.

Sen and Kakati (1997) found that the instrumental polarisation values as cal-

culated at these two focii are 0.000092 and 0.016104% at the field angles 300 and

90 arcseconds, respectively. Furthermore, a 100% polarised star when observed at

the above two focii will appear to be 99.9999 and 99.9983% polarised respectively

due to depolarisation.

Every piece of glass has some remaining internal stress from the manufactur-

ing process. While these stresses can be minimised by extended annealing periods

during the manufacturing there will always be some remaining stress, which in-

troduces birefringence. As a rule of thumb, one should expect about 5 nm of

birefringence for every cm of high-quality glass thickness. In the visible, this will

lead to a cross-talk of about 1% between V and Q, U for every cm of glass. Apart

from these static stresses, there is also temperature-induced stress that leads to

a time-dependent birefringence. Temperature gradients in glass lead to stresses

due to the varying thermal expansion. The type of glass chosen can often allevi-

ate this problem. For instance, fused silica is 12 times better than BK7 as far as
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temperature-induced birefringence is concerned. Temperature gradients also intro-

duce optical aberrations because of the temperature dependence of the value for

the refractive index. A correlation between birefringence and optical aberrations

will lead to different PSFs for different Stokes parameters. This can amount to a

few percent for diffraction-limited imaging.

There are various ways to mitigate instrumental polarisation and cross-talk.

Keller (2002) discusses some of the more common approaches:

• Avoiding oblique reflections

• Compensating instrumental polarisation and cross-talk with:

– Retarders

– Partial polarisers such as tilted glass plates

– Crossing mirrors at 90◦

– Use two or four mirror arrangements to compensate for a single oblique

reflection

• Measure and take into account in data reduction

1.5 Polarimetry Techniques at other Wavelengths

According to a paper by McConnell and Ryan (2004), polarimetry is a useful

tool for MeV astronomy. The authors describe how it has taken time for this

to be accepted due to the fact that it has been experimentally difficult making

such measurements and because the levels of polarisation were expected to be

quite low. Even at energies (1 - 10 keV), where source fluxes are considerably

greater, the astronomical community has been slow to embrace the potential value

of polarimetry.

At these energies, there are three physical processes that can be exercised for

the sake of measuring linear polarisation. These three processes are: the photo-

electric effect, Compton scattering (and its low-energy equivalent, Thomson scat-

tering), and electron-positron pair production. In each case, the by-products of

the initial photon interaction have angular distributions that measure as cos2 θ.
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A measurement of the angular distribution of these secondaries gives a measure

of not only the direction but also the magnitude of the linear polarisation of the

incident flux.

McConnell and Ryan (2004) have found that, at energies below approximately

30 keV, either photoelectric or Thomson scattering methods are typically used for

polarisation measurements. Polarimeters based on the photoelectric effect have

been designed to track the direction of the photo-electron resulting from the ab-

sorption of the incident photon. In this case, the photo-electron is most likely

emitted parallel to the incident electric field vector.

For energies between roughly 30 keV and several MeV, Compton polarimetry

methods are more commonly used. Similar to the case of Thomson scattering,

the Compton scattered photons are more likely to scatter at right angles to the

incident electric field vector. The magnitude of the modulation of this distribution

is maximised for Compton scattering angles near 90◦, providing an important

constraint for instrument designs.

At higher energies (above approximately 2 MeV), the process of pair production

starts to play an increasingly important role in photon interactions. The pair

production process is sensitive to the polarisation of the incident photon. For this

reason the plane of pair production favours a direction parallel to the incident

electric field vector. This aspect of pair production may be utilised for measuring

polarisation at higher energies.

1.6 Thesis Overview

Chapter 1 Polarisation is defined with an explanation of terms that will be used

in this thesis. The significance of polarisation as a tool in astronomical instrumen-

tation is discussed, including methods and techniques used to measure polarisation.

The application of these techniques in current polarimetric instrumentation is dis-

cussed in terms of the science objective of the instrument. Polarisation is subject

to systematic instrumental errors rather than by statistical errors such as photon

and readout noise; a detailed analysis of this is described. Finally, a brief overview

of the work of this thesis is presented.
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Chapter 2 The first section of this chapter provides an introduction to optical

pulsars and their origin, describing how they evolve from supernova explosions.

Pulsars are rotating neutron stars and a description of the characteristics of these

astronomical sources is reported. This chapter provides a description of the discov-

ery of the pulsar in 1968 in the radio regime, and later in the optical. This leads to

the question of how a pulsar works, details of which are better known now in terms

of their geometry, magnetic-field strength, magnetosphere properties, and rotation

modelling. A classification of pulsars is also described. Observational data and

theoretical models provide a basis for pulsar emission mechanisms, spanning across

the electromagnetic spectrum. The motivation of this work involves polarisation

studies/observations; these are tied in with currently accepted emission models

focusing on the high-energy emission. Finally, an overview of optical observations

of GRPs is presented, largely the motivation for the construction of GASP.

Chapter 3 This chapter presents, and develops, the instrumentation involved in

the construction of the Galway Astronomical Polarimeter (GASP). It summarises

the work of a paper published by Collins et al. (2013) in Experimental Astronomy

in 2013 entitled ‘The Galway astronomical Stokes polarimeter: an all Stokes op-

tical polarimeter with ultra-high time resolution’. The GASP Polarisation State

Analyser (PSA) was first developed by Collins et al. (2009), however, in order to

develop a method of calibration, the PSA was modelled (with some modifications)

as a requirement for the work of this thesis. The results of the Monte Carlo noise

modelling were produced from the work of this thesis.

Chapter 4 When work for this thesis began GASP was in the final stages of

development as an 8-detector polarimeter using APDs, as a laboratory instru-

ment. An optomechanical description of this is presented, including the obstacles

encountered using these detectors. Observation time was awarded to GASP at

the Palomar 200 inch telescope (P200), and due to a collaborating group at Cal-

tech, 2 Andor iXon Ultra 897 EMCCDs were loaned to the project. An optical

redesign was required in order to use GASP on a 5 m class telescope. This was

necessary to correct for a FOV and pixel scale limitation for GASP to operate as

an imaging polarimeter. A constraint on project funding meant that it was not
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possible to obtain new APD detectors, or begin a redesign of the prism rhomb

developed by Collins et al. (2009). The final optical design is presented, allowing

GASP to continue using the Eigenvalue Calibration Method (ECM) as an imaging

instrument.

Chapter 5 An overview of the difficulties in the calibration of astronomical po-

larimeters is presented in this chapter. A description of Mueller polarimetry is

discussed as this will become the basis in the development of the Eigenvalue Cal-

ibration Method for GASP. The implementation of the Polarisation State Gen-

erator built for GASP is also discussed. The results section of this chapter are

divided into two parts. The first presents a detailed description of how the ECM

is applied using Avalanche Photodiodes, where the light is fed to the detectors

by optical fibres. This laboratory results demonstrates how well the ECM works

and how GASP can be used to measure a polarimetric signal. This result was a

bench result and will not be discussed in terms of observational results, but as

an analysis of the use of the ECM (described above) for calibrating GASP. The

second presents a new technique where the ECM is applied to data using GASP as

an imaging polarimeter for data recorded at the 200 inch Hale telescope at Palo-

mar Observatory. Two methods of image registration are discussed, the results of

which are described in terms of image residuals. A pixel-by-pixel ECM analysis

is performed and the results of each method are compared. A discussion for why

the ECM is performed pixel-by-pixel is also presented. The data presented in this

chapter provides a calibration result that can be applied to observational results.

Finally, conclusions of the calibration results are presented regarding GASP as an

8-detector APD instrument, and a 2-detector imaging instrument.

Chapter 6 An analysis of a number of polarisation standards are presented in

this chapter, including a discussion regarding the instrumental polarisation on this

night. This instrumental polarisation will be used to check the polarimetric signal

from science targets. A set of data was recorded at twilight with the telescope

pointed at the Zenith. These Zenith flat-fields are calibrated (using data in Chapter

5) for the developed analysis methods. One registration method was found to give a

reasonable result in calibration, providing a sensible motivation for its application.
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There are remaining registration errors found in the calibration analysis however,

there is a uniform distribution in the polarimetric analysis over the FOV using

a pixel-by-pixel analysis method. To reduce any remaining error a method of

aperture photometry is also explored.

Chapter 7 Observational science results of the Crab pulsar are presented in this

chapter. A set of integrated data of the Crab Nebula where the pulsar and the

nearby star Trimble 28 were imaged. An analysis of the polarimetric signal of each

of these targets, and a section of the nebula are explored. A set of phase-resolved

polarimetric results are also presented using the Andor iXon Ultra 897 detectors

at a frame rate greater than 1000 frames per second. A timing analysis is carried

out, including an investigation of the behaviour of the EM gain of these detectors.

These polarimetric results are compared to those of the integrated data.

Chapter 8 Thesis conclusions are presented in this chapter which summarise the

work in Chapter 4 and the significance of the optical redesign to the instrument.

The concluding remarks of Chapters 5, 6, and 7 are reiterated, summarising the

findings of calibration data using 2 different detectors, and the complementary

methods of analysis. Comments on observational results are given, showing that

if GASP is calibrated it is possible to reproduce polarimetric information. Future

instrumentation work and experimentation is presented with a description of im-

provements to the overall optical design and methods for improving future data

analysis.

Appendices Analysis methods, polarimetric formulae and mathematical calibra-

tion solutions are presented. Specifications are given for the detector types used

in obtaining calibration and observational results.
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Chapter 2

Optical Polarisation Studies of
Pulsars

2.1 Introduction

The first section of this chapter provides an introduction to pulsars and their origin,

describing how they evolve from supernova explosions. Following this, a character-

istic description of pulsars as rapidly spinning neutron stars whose magnetic-fields

produce electromagnetic radiation that sweeps across the surrounding space. Pul-

sars are primarily observed at radio wavelengths, though some have been found to

be radio quiet. Pulsars were discovered in 1968 in the radio regime, and later in

the optical. The existence of pulsars had been postulated not long after the discov-

ery of the neutron, and their discovery was made by accident during an unrelated

observation project. Leading from this discovery, questions to how they work were

theorised. Details of emission and rotation mechanisms are better known now in

terms of their geometry, magnetic-field strength, magnetosphere properties, and

rotation modelling. A classification of pulsars is also given.

Observational data and theoretical models provide a basis for pulsar emission

mechanisms, spanning across the electromagnetic spectrum. A description of the

theoretical emission models, that have been developed from observational studies,

have given a clearer picture to our general understanding of how a pulsar works,

however, a more complete, self-consistent picture of pulsars remains to be estab-

lished. There has been much work in optical observational studies of pulsars in an

29



effort to further constrain these emission models.

Not long after the discovery of pulsars, the detection of giant radio pulses

(GRPs) was reported from the Crab pulsar. It was also reported that these giant

pulses are most likely associated with changes in radio emission coherence and

that they are superpositions of extremely narrow nanosecond-duration structures.

The study of giant radio pulses (GRP), detected from a number of pulsars, offer

the possibility to restrict the environment within the radio emission zone and thus

inform on the nature of the radio emission and its relationship to the higher energy

emission. In contrast ‘normal’ pulsar activity results in regular, repeating periodic

lightcurve signals, the giant pulses occur at random intervals and have energies

up to many thousands of the mean energy. The motivation of the work of this

thesis involves polarisation studies/observations; these are tied in with currently

accepted emission models focusing on the high-energy emission. A polarimetric

signal from a GRP, comparable to that of the current optical observations, would

provide further insight into the geometry pulsars. It is the unique ability of GASP

that would allow the study of the polarisation of individual pulses, and with joint

radio studies help constrain emission mechanisms, which relate the optical and

radio emission.

GRP detections would also enable studies of galactic pulsar populations, and

the use of the pulses to probe the interstellar medium (ISM) in those galaxies

as well as the intervening intergalactic medium. The Crab pulsar can serve as a

prototype of intense, coherent emission from other classes of high-energy objects,

which may share a similar physical configuration, namely a collimated flow of

relativistic particles. The Crab pulsar could also signify the presence of other

source classes in the transient radio universe that could be targets for proposed

wide-field telescopes such as the Low-Frequency Array (LOFAR) and the Square

Kilometre Array (SKA).

2.2 What is a pulsar?

Pulsars are rapidly spinning neutron stars whose strong magnetic-fields produce

conal beams of electromagnetic radiation that sweeps out into the surrounding

space with each rotation of the star, producing the eponymous pulses that are
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observed primarily at radio wavelengths. Pulsars are very useful astrophysical

probes. A pulsar emits a sharp radio pulse, which is delayed and broadened during

its propagation through the dispersive, turbulent interstellar medium, in a way that

depends on the frequency and polarisation of the signal as well as the properties

of the medium. Multi-frequency studies of pulsar signals can be used to map the

distribution and turbulence structure of ionized material in the Galaxy, as well as

the average Galactic magnetic-field.

Pulsars are studied because neutron stars are intrinsically interesting astro-

nomical objects, but also because the study of pulsars is deeply intertwined with

many different branches of both astronomy and physics. Neutron stars (NS) are

small, compact stars with densities comparable to that inside nuclei, ρ0 = 2.8 ×
1014 g cm−3, and radii R ' 10 - 15 km. They consist predominantly of neutrons

and a few percent of protons and electrons. These huge neutron-rich ‘nuclei’ are

bound by gravitation and require a minimum mass of ∼ 0.1 M�. Above a maxi-

mum (Chandrasekhar) mass of order 2 - 3 M� neutron stars are unstable towards

gravitational collapse to black holes.

Neutron stars are formed from type II or Ib supernova explosions. This is

when massive stars (M ≥ 10 M�) run out of nuclear fuel which was burning for

millions of years. When the iron core in the centre of the ageing stars exceeds its

Chandrasekhar mass, ∼ 1.5 M�, the star undergoes gravitational collapse in just

seconds and suffers violent death. Gravitational and kinetic energy of the order ∼
1053 ergs is released mainly by neutrino emission that blows off the outer layers.

Only ∼ 1% of the energy is actually seen in a brilliant burst called a supernova.

Supernova explosions occur at a rate of one to three per century in our Galaxy.

Historically, the Crab supernova was first recorded by the Chinese in 1054 AD,

and was so brilliant, it could be seen in daylight.

The discovery in 1967 of a rotating neutron star (a radio pulsar) in the Crab

Nebula supernova remnant confirmed the 1933 hypothesis of Baade and Zwicky,

formulated a year after Chadwick discovered the neutron, that neutron stars are

formed in supernova explosions. Not long before the discovery of pulsars, Franco

Pacini had predicted that rotating, highly magnetised neutron stars were a po-

tential source of electromagnetic radiation. In our Galaxy a large abundance, ∼
108, of neutron stars is expected but they only manifest themselves if powered by
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Figure 2.1: A model for a rotating neutron star from the Handbook of Pulsar
Astronomy. The figure includes the NS magnetosphere - not drawn to scale -
(Lorimer and Kramer, 2004).

rotation, accretion, nuclear power or residual heat (Murdin, 2001).

Pulsars are useful astrophysical laboratories, and are enigmatic tools for prob-

ing the pulsar emission mechanism. Despite over thirty years of observation, the

emission mechanism of pulsars is still a matter of debate. A general consensus

exists - the luminosity is rotation powered, the pulsed radio signal is coherent in

origin, and it is expected that the optical emission is in the form of synchrotron

radiation, whilst in the hard-X and γ-ray it becomes curvature radiation. It is

generally accepted that the local electron density is determined to first order by

the Goldreich-Julian current that flows from the polar-cap region of the neutron

star (where the last open field lines cross the neutron star surface). What is not
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agreed on is the mechanism that accelerates the electrons to the energy required

for synchrotron and curvature radiation, where this acceleration takes place, and

what type of coherent mechanism maintains and creates the radio emission.

2.3 Pulsar Discovery

The Austrian-born astrophysicist Thomas Gold, described the basic picture and

arguments for believing that pulsars are spinning magnetic neutron stars over 40

years ago. He was mostly correct, and since his time many of the details of his

picture have been updated. However, a fully self-consistent picture of pulsars re-

mains to be ascertained, in spite of efforts by a substantial number of astronomers.

Such a self-consistent and complete picture is very difficult to formulate. In 1934,

only two years after the discovery of the neutron, the existence of neutron stars

was proposed by astrophysicists, Baade and Zwicky. They proposed that neutron

stars form from supernova explosions with a diameter of ∼ 10 km. Pacini proposed

that the Crab Nebula was powered by such a star, which was highly magnetised,

rotating and emitting electromagnetic radiation.

In 1967 a Cambridge University graduate student, Jocelyn Bell Burnell, work-

ing under the supervision of her thesis supervisor, Anthony Hewish, discovered

the pulsar (Hewish et al., 1968). The discovery came about from a project devel-

oped by Hewish, Bell and their collaborators, where they designed and built a new

telescope near Cambridge in order to study the rapid scintillation, or twinkling, of

radio signals from quasars as they propagated through the solar wind. Bell noticed

some unusual ‘scruff’ in the data, from a direction well away from the Sun, that

recurred on several nights at a fixed sidereal time. Follow-up observations showed

that the signal had the form of a series of short radio pulses, repeated every 1.337

s. The extreme regularity of the pulsations led to many theories. Terrestrial in-

terference was dismissed as a possible source, as was the possibility of an artificial

extraterrestrial origin.

Bell’s quick discovery of three more pulsating radio sources demonstrated that

they must arise from some natural source. The distance for the source was es-

timated to be of order 65 pc, which would place the object far beyond the so-

lar system. The rapid variability of the signal required a source that was much
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Figure 2.2: This figure displays the results of the findings of Hewish et al. (1968).
The top plot (a) is the time variation of the smoothed pulse amplitude, over 10
pulses. The bottom plot (b) is the daily variation of peak pulse amplitude in units
of W m−2 Hz−1 × 1026.

smaller than a light-second across: Smaller, that is, than an ordinary star. The

group coined the name pulsar - ‘pulsating star’. It preserves the original model

put forth by Hewish and his collaborators in which the pulses were produced by

radial oscillations of a white dwarf or neutron star. Models involving rotation

rather than pulsation were, however, strongly favoured by observations that the

pulsation periods were gradually lengthening.

In 1974 Hewish was awarded the Nobel Prize in Physics for his ‘decisive role

in the discovery of pulsars’ and his pioneering work in radio astronomy. Bell’s key

role in the discovery has also been widely recognised.
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Optical observations of pulsars began soon after their discovery, with B1919+21

being the first observed in search for its optical counterpart by Ryle and Bailey

(1968). Not long after came the identification of the Crab pulsar through the

detection of optical pulsations discovered by Cocke et al. (1969). It was found

that the time averaged optical flux was the equivalent of a 17.7 magnitude star.

They present phase-averaged data showing the main (MP) and inter (IP) pulse

in amplitude and position. The short rise and fall times of the main pulse (∼
1.5 ms), lead the authors to conclude that it implied stringent conditions for a

beaming mechanism to explain the pulses.

Figure 2.3: A pulse measured from the Crab pulsar by Cocke et al. (1969) using the
Steward Observatory 36 inch f/5 reflecting telescope and a 1P21 photomultiplier.
The pulsations were observed on a cathode ray tube, which added successive cycles
in phase. The optical pulses were observed to have a geocentric period of 0.033095
seconds, which agreed well with the radio.

Since the Crab pulsar optical discovery, Smith et al. (1988) and Kanbach et al.

(2005) have presented accurate optical phase-resolved polarisation measurements

of this source. These results have shown the phase dependence of the degree of

polarisation, with a maximum of ∼ 50% in the bridge between the main and

the inter pulse (Mignani et al., 2007b). Optical polarisation measurements are

extremely useful in providing observational constraints to test the different models

35



proposed describing magnetospheric activity of pulsars.

14 other pulsars have been found to pulse optically and, in the interest of this

thesis, the optical polarisation signal from 5 of these has been measured. These are

far less luminous compared to the Crab pulsar therefore, observations of this nature

are not possible due to the currently available technology, and will be discussed in

Section 2.8.

Although the application of the general theory of relativity to astronomical

problems has a long and venerable history dating back to Einstein himself, it was

not until the discovery of pulsars in the 1960s that a great deal of interest was

directed toward the impact of the theory on stellar structure. The pioneering

theoretical work was done 30 years earlier and can be traced back to Landau in

1932. The fundamental work of Oppenheimer and Volkoff (1939) and Oppenheimer

and Snyder (1939), including collaborators, still provides the fundamental basis for

most models requiring general relativity for their representation. However, it was

the discovery of the existence of neutron stars, and that they were most likely the

result of the dynamical collapse of a supernova, that led to the construction of

modern models that represent the contemporary view of these objects.

Radio pulsars are born in the supernova explosions that accompany the collapse

of massive stars. Pulsars are born rotating at up to about 100 times per second.

The pulsar is powered by this stored rotational kinetic energy, so like a spinning

top, the pulsar gradually slows reaching spin periods of about a second within a few

million years. When the pulsar is, approximately, 100 million years, it is spinning

too slowly to maintain its radio emission, and it fades from view. Some old pulsars,

with binary companions, can be ‘recycled’, or spun back up to fast rotation periods

by mass transfer from their companions. Because the resulting ‘millisecond pulsars’

have relatively low magnetic-field strengths and hence low energy loss rates, they

can continue to spin rapidly for times that are long compared with the age of the

galaxy (Murdin, 2001).
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2.4 Pulsar Classification

2.4.1 Rotation-Powered Pulsars

Neutron stars that are spinning down as a result of torques from magnetic dipole

radiation and particle emission are known as rotation-powered pulsars (RPPs)

(Harding, 2013). The energy from the spin-down of these sources appears as

broadband pulsations from radio to γ-ray wavelengths. This energy also appears

as a wind of energetic particles flowing into their surrounding pulsar wind nebu-

lae. More than 2000 radio pulsars are now known, since the discovery of RRP in

1967 (Hewish et al., 1968), with periods ranging from a few ms to several seconds

(Manchester et al., 2005). X-ray, γ-ray and optical pulsations were soon discovered

in a few of these pulsars by folding the time series obtained at these wavelengths

at the radio periods. At present, there are over 100 RPP detected at X-ray ener-

gies and over 130 γ-ray pulsars (Abdo, 2013); most were discovered using known

radio ephemerides, but many were also discovered through their X-ray or γ-ray

pulsations and are radio quiet. A term associated with RPPs is spin-down, and is

related to the pulsar period by the period derivative. The spin-down of RPPs is

typically a smooth process but it has been observed that the pulsar can occasion-

ally undergo sudden changes in spin called ‘glitches’ and then recover to a normal

spin-down rate.

There are two main populations of RPPs, normal pulsars with characteristic

ages τ = P/2Ṗ < 100 Myr, and millisecond pulsars (MSP) with τ ≤ 100 Myr.

The periods of the normal pulsars are thought to have increased at a steady rate

from their birth periods at the time of supernova core collapse. However, the birth

periods of RPPs are not well known, and inferences of the period range from tens

of ms to hundreds of seconds (Halpern and Gotthelf, 2010; Kaspi et al., 2006).

MSPs are thought to have originally been members of the normal RPP popu-

lation, spun down for tens of Myr and then spun up by accretion from a binary

companion (Alpar et al., 1982). MSPs make up about 10% of the RPP population

and about 80% of them are in binary systems. They are extremely good clocks

since they rarely glitch, they have very little of the timing noise seen in young

RPPs, and their spin-down is very stable. These characteristics make them po-
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tentially valuable sources for use in celestial navigation (Coll and Tarantola, 2009)

and gravitational wave detection (Hobbs et al., 2010a).

RPPs can be described quite well by the rotating dipole model. It gives esti-

mates of their main electrodynamic properties. The Poynting flux of a rotating

dipole in vacuum gives an estimate of the spin-down power. This will be described

in more detail later.

Many RPPs (over 100 at present) also show X-ray emission, with pulsations

detected in many of these. According to Kaspi et al. (2006), this emission is

usually made up of two components: Non-thermal emission that is probably mag-

netospheric, and 0.05 - 0.1 keV thermal emission from surface cooling or heated

polar-caps. Some, like the Crab pulsar, show only non-thermal X-ray emission,

but in these cases the thermal components are probably buried under the strong

non-thermal emission. The thermal and non-thermal peaks in the pulse profiles

are usually not in phase, but the non-thermal peaks are sometimes in phase with

one or two γ-ray peaks. In the youngest RPPs, emission from cooling of the NS

surface is thought to dominate the thermal radiation.

2.4.2 Binary & Millisecond Pulsars

MSPs make up about 10% of the RPP population and about 80% of them are

in binary systems (Harding, 2013). Most of these pulsars are clustered in the

lower left of Figure 2.4, with shorter pulse periods, larger characteristic ages, and

lower magnetic-fields than the general pulsar population. Only a small number of

ordinary pulsars have binary companions. Even though most pulsar progenitors

originated in binaries, the majority of these binaries were not bound, gravitation-

ally, by the mass loss associated with supernova explosions, leaving the pulsars

isolated (Murdin, 2001).

Millisecond pulsars have, expectedly, shown the behaviour associated with

RPPs, however, since these sources are too old to have emission that can be

detected from cooling, the thermal components, some of which are multiple black-

bodies, must be due to polar-cap heating (this will be explained further in Section

2.6). The non-thermal emission is in most models due to synchrotron radiation

from electron-positron pairs, either from the polar-cap or the outer-gap, emitting

38



at high altitude (Harding et al., 2008; Hirotani, 2006). The non-cooling ther-

mal emission could come from polar-caps heated by high-energy particles flowing

toward the NS from the polar-cap (Harding and Muslimov, 2001) or outer-gap

(Halpern and Ruderman, 1993) accelerators.

Recycling

Usually, the more massive component of a binary star system will evolve most

rapidly. If the star is above ∼ 8 M� this will result in a supernova explosion.

However, if the binary remains bound, the system may appear as a young pulsar

with a main sequence companion. The second star will finish core hydrogen burn-

ing and move off the main sequence, gradually swelling. If the binary is sufficiently

wide, the companion will continue its evolution as if it were an isolated star. In

the case where the binary is sufficiently compact, the surface of the companion will

eventually come into contact with its Roche surface and begin transferring mass

(and angular momentum) to the neutron star, spinning it up to shorter rotation

periods. During this stage, the system will be visible as a luminous X-ray binary.

The fate of the system depends on the mass of the companion.

A massive companion evolves quickly, and will explode as a supernova after a

relatively short mass transfer period (as a high-mass X-ray binary). The result will

be a pulsar with a spin period of 30 - 50 ms, with a neutron star companion or no

companion at all if the system becomes unbound. A light companion will evolve

slowly, with a long mass transfer period (as a low-mass X-ray binary), leaving a

pulsar with period 1 - 10 ms and a light, helium white dwarf companion. An

intermediate mass companion will leave a pulsar with intermediate spin period

and a massive, carbon-oxygen white dwarf companion.

The magnetic-fields of these ‘recycled’ pulsars have been observed to be smaller

than those of young pulsars. The resulting torques are also, very small. Therefore,

recycled pulsars can spin down much more slowly than ordinary pulsars and remain

active for billions or even tens of billions of years (Murdin, 2001).

39



2.4.3 Accretion-Powered Pulsars

Accretion-powered pulsars account for most, but not all, X-ray pulsars where the

gravitational potential energy of accreted matter is the power source (producing

X-rays that are observable from the Earth). Harding (2013) explains how a neu-

tron star in a binary system can pull matter from a companion star creating an

accretion disk and an associated jet. This can be achieved through stellar winds

or from an accretion disk that forms if the companion star overflows its Roche

Lobe. The gravitational energy as a result of the infalling matter provides part of

the energy for the observed radiation. The torques created due to the accretion

also dominate the spin evolution. Accreting neutron stars display a wide variety of

behaviours, depending on the NS magnetic-field strength, mass of the companion

and properties of the accretion. The following is a description of types of accreting

systems:

Low-Mass X-ray Binaries (LMXBs) is a type of binary system in which one

member is a NS (or black hole) and the other, companion star, is a low-mass

main sequence star, white dwarf or red giant that fills its Roche Lobe, transferring

matter onto the compact object (Abdo, 2013) through an accretion disk. Most

of the radiation is emitted as X-rays with ∼ 1% in the optical spectrum. NSs in

LMXBs are thought to be old, have weak magnetic-fields (∼ 108 G) and are spun

up by torques from the accretion disk. One explanation for their very weak fields

is that the accretion has reduced or submerged the magnetic flux (Cumming et al.,

2001; Romani, 1993; Ruderman, 2005).

The NS and companion will reach an equilibrium where the pressure of the

NS magnetic-field balances the pressure of the accretion flow. This end point will

depend on the accretion rate Ṁ , however, after 1 Myr the NS period will have

reached an equilibrium period Peq. The value of Peq depends on the NS field and

Ṁ .

Binary systems containing a neutron star or black hole and high-mass O or B

star (M ≥ 5 M�) are known as High-Mass X-Ray Binaries (HMXB). In HMXB,

in general, the NS orbits a Be star in a very eccentric orbit. Accretion occurs

occasionally in outbursts when the NS crosses a disk of material surrounding the

Be star. An example of a Be X-ray binary is A0535+26. A donor star with an
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intermediate-mass star (1.0 M� ≤M ≤ 5 M�), will result in an intermediate-mass

X-ray binary (IMXB) (Podsiadlowski et al., 2002), an example of this being Her

X-1.

In HMXBs, the compact object accretes material from the wind of the compan-

ion star or from a Be star disk, while in IMXBs the NS accretes from a disk as in

LMXBs. Both of these classes, numbering about several hundred, are bright X-ray

sources, and a large number show either persistent or transient X-ray pulsations

(in the case of Be star binaries) (Harding, 2013).

2.4.4 Magnetars

Magnetars were first known as Anomalous X-Ray Pulsars (AXPS) before this

became a magnetar subclass along with Soft Gamma-Ray Repeaters (SGRs). A

magnetar, or ‘magnetic star’, is a neutron star where the greatest source of energy

generated is that of the magnetic-field, including rotation. This implies a magnetic

field strength of 1014 - 1016 G, making magnetars the objects with the most intense

magnetic-fields known (Murdin, 2001). Their locations and possible associations

with supernova remnants suggest that they are neutron stars. There are three

known to be in our Galaxy and a fourth in the Large Magellanic Cloud (LMC).

AXPs and SGRs were thought for many years to be separate and unrelated

objects. SGRs were first detected around 1979 as γ-ray transients and were thought

to be a type of classical γ-ray burst. They undergo repeated bursts with several

tenths of second duration and average energy 1040 - 1041 erg, and their bursting

often occurs in episodes spaced years apart.

SGRs and AXPs are both neutron stars possessing magnetic-fields of excep-

tional strength, that show both steady X-ray pulsations as well as soft γ-ray bursts.

A power source much greater than magnetic dipole spin-down, which powers RPPs,

is required for these objects. This is due to an inferred steady X-ray luminosity,

which is about 100 times higher than their spin-down luminosity.

The magnetar model postulates that the energy source for all of these outbursts

is an intense magnetic-field, which stresses the neutron star crust and causes it to

crack, exciting Alfén waves and energising electrons in the neutron star magne-

tosphere. There is experimental evidence for the existence for these excessive
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magnetic-fields from observations of the spin-down of the SGRs, deduced from the

low-energy X-rays (Kouveliotou et al., 1998). The interpretation of these obser-

vations is that, similar to the radio pulsars, the neutron star is losing energy by

dipole radiation from its magnetic-field. Small cracks explain the frequent, less

intense bursts, while global cracking and magnetic-field reconnection are responsi-

ble for the giant bursts. New high-energy components discovered in the spectra of

a number of AXPs and SGRs require non-thermal particle acceleration and look

very similar to high-energy spectral components of young rotation-powered pulsars

(den Hartog et al., 2008). The periods are in the range 5 - 8 s and, in the magnetar

model, are explained by the presence of hot spots on the neutron star surface, with

magnetic-field dissipation and neutron star crustal stress as the heating source.

2.5 Pulsar Phenomenology

As the neutron star spins, charged particles are accelerated from the surface of

the star along magnetic-field lines in the magnetosphere. This acceleration causes

the particles to emit electromagnetic radiation, which is more readily detected

at radio frequencies as a sequence of observed pulses produced as the magnetic

axis, and hence the radiation beam, crosses the observer’s line of sight for every

rotation. Pacini (1968) and Gold (1968) correctly predicted that the pulse period

of a neutron star should gradually increase as the outgoing radiation carries away

the rotational kinetic energy. Gold also showed that a rotating neutron star with

a large magnetic-field is the dominant energy supply from studies of the pulsar in

the Crab nebula (Lorimer, 1998).

2.5.1 Structure

The average mass density of a neutron star is 6.7 × 1014 g cm−3, which is even

larger than the density of nuclear matter which is ∼ 2.7 × 1014 g cm−3. Near

the surface the solid crystalline crust consists of mainly iron nuclei and a sea of

degenerate electrons, ρ ' 106 g cm−3. When going further inward, the density

increases to a point at which protons and electrons combine to form neutrons,

creating the neutron-rich nuclei of the inner crust. Passing the neutron drip point
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at ρ ' 1011 g cm−3, several hundred metres below the surface, the number of

neutrons released from the nuclei will increase rapidly. After the crust dissolves

fully at ρ ' 2 × 1014 g cm−3, the largest fraction of the neutron star is made

up of a ‘sea’ of free, superfluid neutrons, mixed with about 5% superconducting

electrons and protons.

A neutron star is not a uniform sphere. Glitches in the rotation of young pulsars

have been observed and these indicate a solid crust. These glitches (and their

recovery) strongly indicate the existence of a fluid component inside the solid outer

crust of the neutron star. Glitches can be explained as a result of star quakes where

abrupt changes in the oblateness of the neutron star crust cause a change in the

moment of inertia and hence the spin frequency as angular momentum is conserved.

This has been observed for the Crab pulsar (Lyne, 1992). Observational studies

have shown that these glitches are related to timing irregularities in residuals of

pulsar timing models. This will be discussed further in Section 2.7.

2.5.2 Magnetic Fields & Pulsar Age

Observational estimates of magnetic-fields of neutron stars fall into the range

1010−12 G, and come from the detection of cyclotron radiation features in spectra

of X-ray binaries. A useful method of demonstrating the distinctions between ages

and magnetic-field strengths of sub-classes of pulsars is the P − Ṗ diagram, see

Figure 2.4.

Figure 2.4 is a logarithmic scatter plot of non-accreting NS for their observed

pulse period versus their period derivative. The majority of the objects in the top

right corner of the diagram show normal pulsars, while the lower left section of

the diagram is mainly occupied by millisecond pulsars (explained in Section 2.4.2).

The radio pulsars occupy the largest region with their population extending from

the very short period, low Ṗ to the high Ṗ , high magnetic-field pulsars that border

the magnetar range. The characteristic age of a radio pulsar is given by Equation

2.1 for a braking index n = 3. This is an approximate measure for the pulsar’s true

age and the corrected formula is found in Equation 2.2 which takes into account

the braking index, n, of the pulsar.
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Figure 2.4: A plot of period vs. period derivative for the currently known rotation-
powered pulsars (RPPs), Isolated Neutron Stars (INS), Compact Central Objects
(CCO), Rotating Radio Transients (RRATs) and magnetars (Harding, 2013).

τ =
P

2Ṗ
(2.1)

τ =
P

(n− 1)Ṗ
− P0

(n− 1)Ṗ0

, (2.2)

where P0 and Ṗ0 are the initial spin period and derivative, respectively.

In the determination of characteristic pulsar age, timing observations pulsars

have been less accurate than estimated ages of the remnant e.g. PSR 1509-58 (van

den Bergh and Kamper, 1984) where the timing age is found to be ∼ 1500 yr

and the estimated age is 104. A possible explanation for this discrepancy is that

the magnetic-field grew from a small value within the last 103 years. If pulsars

were rotating dipoles, the slow-down rate would be proportional to the cube of

the rotational frequency. This is called the braking index and it has a theoretical

44



value of 3, which disagrees with most pulsars. In the case of the Crab pulsar, and

PSR 1509-58, Blandford and Romani (1988) discusses how the two deceleration

parameters, with a braking index of 2.5, was consistent with the spin-down law.

The authors conclude that the measured deceleration parameters suggest that

either the magnetic dipole model is inadequate or the dipole moment is changing.

In a paper by Alpar et al. (2001), the possibility that neutron stars are sur-

rounded by fall-back disks from supernova core-collapse is discussed. In the case

where the disk circumscribes the light cylinder, the neutron star will be an active

radio pulsar spinning down under the propeller spin-down torque applied by the

disk as well as the usual magnetic dipole radiation torque. When the spin-down is

dominated by the propeller torque, evolution across the P − Ṗ diagram is rapid;

explained by pulsar distribution in the diagram. The authors have modelled pulsar

spin-down under these combined torques that predicts braking indices for 2/3 of

all pulsars to be < 2 at P > P0, and half of these are expected to have negative

breaking indices, -1 < n < 0. The model also predicted small numbers of the

oldest pulsars, with long periods and large Ṗ values. These pulsars would give

magnetic-fields B⊥ ∼ 1012 - 1013, with the combined model, yet for these pulsars

the pure dipole spin-down model would yield higher magnetic-fields, extending

into the magnetar range, and young ages. It was concluded that kinematic age

measurements were capable of distinguishing between these methods of spin-down.

Magnetars have the highest Ṗ and some of the longest periods in terms of

neutron stars. Some magnetars have a period of 11 s, where the longest period of

a radio pulsar is about 8 s. Isolated Neutron Stars have periods very similar to

those of magnetars, achieving periods of up to 11 s, but with Ṗ and magnetic-fields

a factor of ten lower than those of the lower magnetic-field magnetars. Compact

Central Objects (CCOs) have very low Ṗ , almost as low as Millisecond Pulsars

(MSPs). Their spin periods are similar to those of RPPs.

Pulsar pulse periods are observed to increase with time. The rate of increase

of Ṗ = dP/dt can be related to the loss of rotational kinetic energy

Ė ≡ dErot
dt

=
d(IΩ2/2)

dt
= −IΩΩ̇ = 4π2IṖP−3, (2.3)

where Ω = 2π/P and is the rotational angular frequency and I is the moment of
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inertia. Ė is called the spin-down luminosity and represents the total power output

of the neutron star. Therefore, differences seen in P and Ṗ indicate differences

in ages and surface magnetic-field strengths. If the pulsar is treated as a rotating

magnetic dipole, the change in rotational energy can be used to estimate Prad,

Prad =
dErot

dt

and since the inclination angle, α, is not generally known,

2

3c3
(
BR3 sinα

)2(4π2

P 2

)2

=
4π2IṖ

P 3

B2 =
3c3IP Ṗ

2 · 4π2R6 sin2 α

B2 >

(
3c3I

8π2R6

) 1
2

(PṖ )
1
2

and hence,

B ∝
√

PṖ (2.4)

where B is the surface magnetic-field strength. On evaluation of constants for

the canonical pulsar in cgs units,[
3 · (3× 1010cms−1)3 · 1045gcm2

8π2(106cm)6

]
≈ 3.2× 1019, (2.5)

so the minimum magnetic-field strength at the pulsar surface is

(
B

Gauss

)
> 3.2× 1019

(
P

Ṗ
s

) 1
2

. (2.6)

Lines of constant characteristic age, P = 2/Ṗ , and dipole spin-down luminosity,

Ed, are superimposed in Figure 2.4. From these, magnetic-fields and ages of 1012

G and 107 years for normal pulsars and 108 G and 109 years for millisecond pulsars

Lorimer and Kramer (2004).
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2.5.3 Pulsar Magnetosphere

The pulsar magnetosphere is a plasma-filled surrounding dominated by the pulsar’s

magnetic-field. This was shown by Goldreich and Julian (1969), based on the work

of Deutsch (1955). They presented the case for a neutron star with aligned rotation

and magnetic axes, which resulted in external electric fields, and ultimately, the

extraction of plasma from the neutron star surface. The Goldreich-Julian model

does not describe a realistic case, and this is beyond the scope of this work, however

it can illustrate some basic principles necessary to understand the observations of

pulsars. At any point in a rotating magnetised sphere there will be an induced

electric field,

(Ω× r)× B, (2.7)

due to the presence of a magnetic-field B. If the sphere is perfectly conducting

it will be balanced by a distribution of charge giving an electric field, E, so that

at any point r inside the sphere a force-free state is obtained,

E +
1

c
(Ω× r)×B = 0, (2.8)

satisfying Ohm’s Law.

Goldreich and Julian estimated the charge density of the pulsar magnetosphere,

which represents a maximum value unless other processes exist. The magneto-

sphere co-rotates with the star inside this radius. This is because the plasma ex-

periences the same E × B field as the neutron star interior. This process generates

the Goldreich-Julian density ρGJ (Goldreich and Julian, 1969). The characteristic

size of the magnetosphere is given by the light cylinder radius,

RLC =
c

Ω
=

cP

2π
' 4.77× 104km(

P

s
). (2.9)

The light cylinder is the cylinder centred on the pulsar and aligned with the

rotation axis at whose radius the co-rotating speed equals the speed of light. It

can also be defined for where the co-rotation is maintained up to this (maximum)

distance where the plasma reaches the speed of light.

47



2.5.4 Radio Beam Geometry

It has been established that the magnetic-field lines are divided into two groups.

The open field line region provides a narrow and confined site for a stable ra-

dio beam. The generally accepted model of a cone-shaped beam centred on the

magnetic axis can account for many of the pulse profile properties.

The general picture is, plasma flows from the surface along the open field lines,

emitting photons in a direction that is tangential to the open field lines at the point

of emission. This creates an opening angle from the resulting conical envelope,

which depends on the width of the open field line region at the emission height.

Conal beams emitted at a lower height are expected to be narrower that those

emitted at a higher altitude. However, the pulse width depends on geometrical

factors - where the observers line of sight cuts the emission cones.

The midpoint of the observed pulse profile is expected to coincide with the

plane that contains the rotation and magnetic axes and the vector pointing from

the pulsar to the observer. This geometrically defined fiducial plane represents the

proper reference point for timing measurements and the rotation phase is usually

defined as φ = 0 for this fiducial point.

Figure 2.5: Description of the pulsar beam geometry (Lorimer and Kramer, 2004).

There are a number of important features found in Figure 2.5:

• The rotation and magnetic axes are inclined by an angle θ

• The emission cone with an opening angle ρ is cut by the observer’s line of

sight measured at the fiducial plane
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• The impact parameter β is the angle cut by the trajectory of the observer’s

line of sight on the conical beam with the magnetic axis

• The position angle of the linearly polarised emission, Ψ, is measured with

respect to the projected direction of the magnetic axis

If the emission cone is confined by the last open magnetic-field lines, then a

relationship can be found between the opening angle of the cone, ρ, and the polar

coordinates (r, θ). This relationship is given by Gangadhara and Gupta (2001).

tan θ = − 3

2 tan ρ
±

√
2 +

(
3

2 tan ρ

)2

, (2.10)

which can be seen in Figure 2.5.

2.5.5 Rotating Vector Model

Most pulsars were discovered in the radio regime (presently about two thousand

objects are listed in the Australia Telescope National Facility Pulsar Catalogue1,

Manchester et al. 2005) and for a large fraction, polarisation studies were per-

formed (Gould and Lyne, 1998; Karastergiou and Johnston, 2006). Most radio

pulsars were found to show strong linear polarisation, including often a character-

istic swing of the polarisation (position) angle (PA) in an S-like shape near the

pulse centre. This swing is interpreted in the ‘rotating vector model’ proposed by

Radhakrishnan and Cooke (1969) as a projection of the magnetic-field line at the

point of emission onto a plane perpendicular to the observer’s sight-line. The point

of emission is usually assumed to be in the polar-cap region of the pulsar where

a regular dipolar field line points with a small angle (beam width) towards the

observer. The free parameters of this simple geometrical model are the inclination

angle between the axes of rotation and magnetic dipole, and the viewing angle

between the line of sight and the rotation axis.

The open magnetic-field lines and the particles that flow along them become

the pulsar wind, which carries the bulk of the Poynting flux beyond the light

cylinder radius, RLC . The pulsed radiation of RPPs (Rotation Powered Pulsars)

carries less than about 10% of the total spin-down power, Ėd. Most of the power

49



in pulsed emission is in γ-rays around a GeV for all but a few RPPs, notably

the Crab pulsar whose pulsed emission power peaks in hard X-rays. The radio

pulsations make up typically only 10−4 or less of the spin-down power, but are

easier to detect since the photon flux is much higher. Since the γ-ray pulsations

typically carry the highest percentage of Ėd, they can reveal the most information

about the particle acceleration in pulsar magnetospheres.

The plasma outside the neutron star experiences the same magnetic-field as

the neutron star interior forcing it to co-rotate with the star. However, co-rotation

can only be maintained up to a maximum distance where the plasma reaches the

speed of light (Lorimer and Kramer, 2004).

Figure 2.6: A cartoon of the pulsar magnetosphere based on the theories laid out
by Goldreich and Julian (1969). A polar-gap is evident here and will be discussed
later (Lorimer and Kramer, 2004).

This maximum distance where co-rotation is maintained is called the light

cylinder. The magnetic-field strength at the light cylinder radius (see Section

2.5.3 for this equation) is

BLC = Bs

(
ΩR

c

3)
' 9.2G

(
P

s

)− 5
2

(
Ṗ

10−15

) 1
2

. (2.11)

It is shown in Figure 2.6 that the existence of the light cylinder divides the

dipolar magnetic-field lines into two groups:
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1. Field lines that close within the light cylinder (closed field lines)

2. Field lines that do not close (open field lines).

The open field line region defines the polar-cap on the neutron star surface,

centred on the magnetic pole. Its boundary, given by (R, θp), is defined by the

last ‘open field line’, which is tangential to the light cylinder. For a given dipolar

field line, the expression sin2 θ/r is a constant. For the last open field line

sin2 θ

r
=

1

RLC

=
2π

cP
=

sin2 θp
R

. (2.12)

If the radius of the polar-cap measured on the surface, Rp, is not too large,

Equation 2.11 can be used and computed as

Rp ' R sin θp =

√
2πR3

cP
= 150m

(
P

s

)(− 1
2
)

(2.13)

for R = 10 km. The polar-cap parameters can be used to estimate the poten-

tial drop between the magnetic pole and the edge of the polar-cap (Lorimer and

Kramer, 2004).

The overall magnetic-field is expected to be dipolar. Observations of several

bright pulsars by Eilek and Hankins (2000) show position angle sweeps that are

not consistent with a simple dipole field in the radio emission region. Polarisation

is the only measure of the geometry of the magnetic-field, where the linear po-

larisation direction is uniquely tied to B (perpendicular or parallel depending on

the emission model). If this is the case, a dipolar field has a unique signature in

the polarisation angle (PA) sweep (Radhakrishnan and Cooke, 1969). Deviations

from this signature are then signs of a non-dipolar field in the emission region.

The standard pulsar model assumes all radio emission comes from the open field

line region above the polar cap, predicting a clear relation of the emission and

the PA behaviour with pulse phase. Deviations here are also important: They are

either signs of a non-dipolar field, or signs of problems with the standard emission

model. The authors show several stars that indicate such deviations.

Close to the pulsar surface, high-order multipole moments of the magnetic-field

may be important. Although the strength of the multipoles is small compared to
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a dipolar field further away from the surface, multipoles above the polar-caps may

be relevant for the creation of additional plasma that is eventually responsible for

the observed radio emission (Jones, 1980).

2.6 Pulsar Emission Models

When considering pulsars models involving rotation, rather than pulsation, were

favoured strongly by observations that the pulsation periods were gradually length-

ening. To give a better understanding, an example of a spinning top can be used.

As the top loses energy, it slows down mostly due to frictional forces acting on

the top. The identification of pulsars with neutron stars rather than white dwarfs

came with the discovery in 1968 of pulsars in the Vela and Crab supernova rem-

nants. Not only were neutron stars thought to be born in supernovae, but the

Crab pulsar had a period of only 33 ms, much faster than allowed by any white

dwarf model.

The existence of gaps is proposed for the outer magnetosphere near the loca-

tion of the null line Ω· B = 0 which separates the space charges of different sign.

Depending on the radiation mechanism large magnetospheric plasma densities, ex-

ceeding the Goldreich-Julian density by many orders of magnitude, are required.

Many models predict such plasma multiplication due to the existence of magneto-

spheric gap regions. In these gaps the Goldreich-Julian condition of a co-rotating

magnetosphere breaks down, the force-free state inside the gaps cannot be main-

tained and a residual electric field E|| must exist. Therefore, gaps are expected in

regions where plasma is depleted in the magnetosphere. Two such regions have

been identified:

1. In the open field lines above the magnetic polar-cap (‘polar-gap’)

2. Between the outer and inner field lines close to the light cylinder (‘outer-gap’)

These can be found in Figure 2.1. The following section will address the cur-

rently proposed emission models, in terms of high-energy emission models, though

radio will also be considered. These models will also address emission in terms

of their relationship with polarisation, which are expected to correlate with the
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observational data in this thesis, particularly that of the optical emission of the

Crab pulsar.

2.6.1 Polar-Cap Model

The nature of radio emission is still unknown. The process for this emission must

be able to explain the coherency and high degree of polarisation of the emission,

and it must work over nearly 4 orders of magnitude in rotation period and 6 orders

of magnitude in magnetic-field. Considering how broad a range the radio regime

has, this must also be accounted for by the emission mechanism.

The significance of optical polarimetric observations (discussed in Section 2.8)

provide huge insights into high-energy emission from pulsars: This section will

provide some detail on a radio emission mechanism developed by Ruderman and

Sutherland (1975) who proposed that a polar-gap is attributed to the strong bind-

ing of nuclei to the stellar surface, preventing ions from being ripped off the surface.

Melrose (1995) describes polar-cap models as such that, the gap occurs immedi-

ately above the stellar surface in the polar-cap.

A polar-gap provides a dense electron-positron pair plasma which is required for

most radio emission models. The plasma is assumed to originate in a pair cascade

in the gap (Sturrock, 1971). It has been proposed that charged particles are pulled

from the surface and are accelerated by a large residual electric field, reaching rel-

ativistic energies (γ . 107). Moving along the magnetic-field lines, these particles

produce γ-ray photons either by curvature emission or inverse Compton scatter-

ing on lower-energy photons. Due to the presence of the strong magnetic-field,

the γ-ray photons can split, resulting in magnetic one-photon electron-positron

pair creation if the photon energy exceeds twice the rest mass of the electron, i.e.

Eγ ≥ 2mec
2. Secondary pair plasma is believed to produce the observed radio

emission at some distance from the pulsar surface. This plasma is a result of new

generation particles producing more photons and particles.

The situation changes when going to higher energies, i.e. optical, X- and γ-ray

regimes. Daugherty and Harding (1996) shows that in the polar-cap model, a

sharp turnover is expected in the few to 10 GeV energy range due to attenuation

of the γ-ray flux in the magnetic-field. However, Abdo et al. (2009) show that the
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spectral change at ∼ 2.9 GeV does not appear to fit this model. It was concluded

that low-altitude radiation subject to γ-B pair production cannot account for the

bulk of the Vela γ-ray emission. The observed cut-off can be used to estimate a

minimum emission height as r ≈ (εmaxB12)/1.76 GeV)
2
7 P−

1
7 R∗, where max is the

unabsorbed photon energy, P is the spin period, and the surface field is 1012B12

G (Baring, 2004). Abdo et al. (2009) present their Fermi observational results for

Vela in Figure 2.7.

Figure 2.7: A phase-averaged spectral energy distribution (SED) plot of Vela,
(E2dNγ/dE). Both statistical (capped) and systematic (uncapped) errors are
shown. The authors believe that the latter are conservative; they dominate at
all energies below 7 GeV. EGRET data points (Kanbach et al., 1994) are shown
for comparison. The curve is the best-fit power law with a simple exponential
cut-off (Abdo et al., 2009).

Fermi-LAT observational results reported by Abdo et al. (2010) have also shown

that even in the absence of radio emission characterising the Geminga pulsar (radio

quiet) clearly favours models where the high-energy emission occurs in the outer

magnetosphere of the pulsar. Polar-cap models, where the high-energy emission is

located near the neutron star surface, are unlikely to explain the Geminga pulsar,

since the line-of-sight is necessarily close to the magnetic axis for such models

where one expects to see radio emission.
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Figure 2.8: Phase-averaged SED of the Geminga pulsar. The solid line represents
the best-fit power law with exponential cut-off (i.e., b = 1), while the dashed one
represents the best-fit power law with exponential cut-off with free exponential
index (in this case, the result is b = 0.81) (Abdo et al., 2010).

2.6.2 Slot-Gap Model

The slot-gap, a narrow region bordering the last open magnetic-field line where

particles cannot accelerate rapidly enough to produce pairs before the field drops,

is an unavoidable feature of polar-cap space-charge limited flow (SCLF) models

by Arons and Scharlemann (1979) and Arons (1983). SCLF models assume that

charges are freely emitted from the NS polar-cap surface and flow out along open

field lines. Since this charge flow is not sufficient to supply the Goldreich-Julian

charge above the surface, an E‖ exists and the charges are accelerated. Radiation

from these charges forms electron-positron pairs in the strong magnetic-field, which

can screen the E‖ above a pair formation front (PFF) in a distance small compared

to the acceleration distance, which is typically less than a stellar radius (Harding

et al., 2008).

The pair formation front across the polar-cap thus forms a bowl shape as pairs

are produced at higher and higher altitudes, approaching the last open field line.

Although the existence of a slot-gap has been known for some time, its potential
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as a high-energy emission site has only recently been explored. Muslimov and

Harding (2003) derived the electric potential and field in the slot-gap, and modelled

the acceleration and pair cascades at altitudes from the neutron star surface up

to several stellar radii. They found that cascades develop over a range of 3 -

4 stellar radii along the slot-gap inner boundary. These cascades have higher

pair multiplicity (number of pairs per primary electron) than cascades nearer the

magnetic axis because the primary electrons accelerate and produce pairs over a

larger distance. The radiation from the slot-gap cascades naturally produces a

wider hollow cone of emission than the cascades near the surface.

Muslimov and Harding (2004) extended the electric field solution in the slot-

gap to high altitudes and modelled only the curvature radiation of the primary

particles. They found that such emission formed caustic patterns, like those of the

‘two-pole caustic’ model proposed by Dyks and Rudak (2003) to naturally explain

the double-peaked profiles of γ-ray pulsars. However, the spectrum of curvature

radiation from radiation reaction limited particles alone is too difficult to match

that of observed γ-ray pulsars.

2.6.3 Outer-Gap Model

Another model, known as the outer-gap, has been developed by Cheng et al.

(1986); Romani and Yadigaroglu (1995); Romani (1996), and it involves particle

acceleration, high-energy emission and pair production. The parameters for the

outer-gaps close to the light cylinder differ to those of the inner polar-gap. The

local magnetic-field is weaker, such that the magnetic-field strength at the light

cylinder is a more important factor than that at the surface. Radhakrishnan

and Cooke (1969), and later Blaskiewicz et al. (1991), have provided information

regarding geometric frameworks for this model with lowest order special relativity

effects. However, the non-coherent high-energy emission has a different spatial

origin and requires a separate study.

Romani (1996) describes the outer-gap model for γ-ray pulsars based on curva-

ture radiation-reaction-limited charges in the outer magnetosphere. The authors

show how pair production on thermal surface flux can limit the acceleration zones;

estimates for the efficiency of GeV photon production ηγ and the γ-ray beam-
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ing fraction are also derived by this model, including their dependence on pulsar

parameters. In general, ηγ increases with pulsar age but is decreased for low

magnetic-fields for small magnetic inclinations. It has been shown that this model

produces GeV pulse profiles, curvature spectra, and detection statistics consistent

with the observations. Romani (1996) also describes the optical and X-ray pulsar

synchrotron spectrum and the spectral variations with the pulsar phase. Vela-like

parameters have been shown to give GeV spectra consistent with those observed

by EGRET.

Outer-gaps are not expected to be associated with radio emission as this high-

energy emission comes from a wide variety of altitudes, contrary to radio, although

exceptions may exist. Outer-gaps are expected to explain high-energy emission of

pulsars such as curvature and synchrotron emission. However, according to Dyks

and Rudak (2003), the model is unable (without additional postulates) to account

for the presence of outer wings in the double-peak light curves. More importantly,

the model in its present form (Zhang and Cheng, 1997) is unable to account for a

substantial level of the off-pulse emission in the Crab pulsar.

2.6.4 Two-Pole Caustic Model

The two-pole caustic model (Dyks et al., 2004a,b) proposes another picture to

explain the origin of high-energy radiation within the pulsar magnetospheres in

regions confined to the surface of last open magnetic-field lines (similar to thin

outer-gap accelerators) but extending between the polar-cap and the light cylinder.

According to Dyks and Rudak (2003), the polar-cap and outer-gap model both

suffer from serious problems in terms of high-energy emission.

The two-pole caustic model predicts fast swings of the position angle and min-

ima in the polarisation degree from the caustic nature of the peaks: Superposition

of emission from different altitudes (e.g. with different PAs), which produces the

peaks. This is similar to what has been observed, see Section 2.6, and was also

expected of the outer-gap model. The polar-cap model (see Section 2.6.1) and the

outer-gap model have not been able to reproduce the observational polarisation

characteristics of the Crab pulsar.

The key component of the model is the gap region (i.e. the region where particle
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acceleration is taking place and high-energy photons originate) that satisfies the

following assumptions:

1. The gap region extends from each polar-cap to the light cylinder.

2. The gap is thin and confined to the surface of last open magnetic-field lines.

3. Photon emissivity is uniform within the gap region.

The model is well suited for four γ-ray pulsars - Crab, Vela, Geminga, and

B1951+32 - with double-peak light curves exhibiting the peak separation of 0.4

to 0.5 in phase. Dyks and Rudak (2003) goes on to say that, unlike other pulsar

models with caustic effects, the double peaks arise from crossing two caustics, each

of which is associated with a different magnetic pole. The generic features of the

light curves are consistent with the observed characteristics of pulsar light curves:

1. The most natural (in terms of probability) shape consists of two peaks (sep-

arated by 0.4 to 0.5 in phase for large viewing angles).

2. The peaks possess well-developed wings.

3. There is a bridge (inter-peak) between each emission component.

4. There is a non-vanishing off-pulse emission level.

5. The radio pulse occurs before the leading high-energy peak.

2.6.5 The Striped Wind Model

A model has been proposed by Pétri and Kirk (2005) which places the origin of the

pulsed optical emission from the Crab in a striped pulsar wind zone. This model

develops the original work introduced by Coroniti (1990) and Michel (1994) and

elaborated by Lyubarsky and Kirk (2001) and Kirk and Skjæraasen (2003), which

also features polarisation characteristics that bear a certain resemblance to the

observations made by the authors. This model provides a theoretical explanation

for observed polarisation high-energy emission, which has been investigated by

Kirk et al. (2002).
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Table 2.1: Pulsar Emission Models Summary.

Model Emission Type Emission Cause Location Polarisation Observed

Polar-Cap Coherent radio Electron-positron
plasma (pair cascade)

Polar cap surface Radio Disagree with
Fermi observations
(Vela & Geminga)

Slot-Cap Radio & High-energy Electron-positron
(pair cascade)

Polar cap surface - Wider hollow cone
than near stellar

surface

Outer-Gap Curvature & Synchrotron Pair production Variety of altitudes -
Cannot account for

wings in
double-peak, or

off-pulse emission
in Crab pulsar

DOLP of MP & IP
are similar; Large

swing in PA in
both peaks

Two-Pole
Caustic

High-energy Pair production Last open field line
between polar cap

and LC1

Predicts
swings in PA;

minima
DOLP by the

peaks -
superimposed

altitudes

Light curves
consistent with
observed (Crab

pulsar)

Striped Wind Optical Magnetic reconnection Outside LC Pulsed optical
Observed

synchrotron
emission in Crab

pulsar

DOLP of MP & IP
are similar; Large

swing in PA in
both peaks

It is assumed that magnetic energy is released by reconnection in the thin

regions where the toroidal field reverses its polarity, producing a non-thermal elec-

tron/positron population. But, unlike in Lyubarsky’s model, emission from the

striped wind originates outside the light cylinder, and relativistic beaming effects

are responsible for the phase coherence of the synchrotron radiation. A strength

of this model is that the geometry of the magnetic-field, which is the key property

determining the polarisation properties of the emission, is relatively well known.

Synchrotron emission from the striped wind applies successfully to the pulsed op-

tical polarisation properties of the Crab pulsar.

Table 2.1 summarises the main points of each of these emission models:
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2.7 Optical Studies of Pulsars

There is still much disagreement on the emission mechanism of pulsars (some of

these emission models have been discussed). However, what has been agreed upon

is, the luminosity is powered by the rotation of the pulsar, the pulsed radio signal

comes from a coherent process, and the optical emission up to X-ray, is incoher-

ent synchrotron radiation; where low end γ-ray emission is curvature radiation

and higher energies is inverse Compton (Shearer et al., 2003). Optical emission

observed from a survey of radio pulsars (Caraveo, 2000) had a thermal nature,

which was found to be connected to the hot neutron star surface or to the polar

cap when it is bombarded by the secondary electrons (or positrons) and heated

by them. However, it was also found that there was a significant non-thermal

component to the optical emission. There is still debate on the mechanism that

accelerates the electrons to the energy required for synchrotron and curvature ra-

diation, where this acceleration takes place, how coherency is maintained, and

the stability of the electron-positron plasma outflow from the neutron star surface

(Malov and Machabeli, 2001).

Taking the example of the Crab pulsar, there are two primary features of

radio and optical profile: A main pulse and an inter pulse. Figures for these can

be found in Section 2.3. At lower energies a radio precursor can be seen, and

at higher energies in the optical, X-ray, and γ-ray regions, a bridge is observed

between the two pulses. A suggestion for why the precursor is present is that it

represents emission from the pulsar polar cap region near the neutron star surface,

like radio emission for most pulsars, and that the other features come from higher

in the magnetosphere (Harding and Daugherty, 1998).

At present the number of optical pulsars observed at optical wavelengths stands

at 14, see Mignani et al. (2005). The first five optical pulsars detected are the only

ones from which confirmed optical pulsations have been observed; these are the

Crab (PSR B0531+21; Cocke et al. (1969)), Vela (PSR B0833-45; Wallace et al.

(1977)), PSR B0656+14 (Shearer et al., 1997; Kern et al., 2003), and Geminga

(PSR B0633+17; Shearer et al. (1998); Kargaltsev et al. (2005)). Pulsed high-

energy emission (optical to γ-ray) from pulsars is accepted as being due to complex

1Light cylinder.
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physical processes occurring within the pulsar magnetosphere (O’Connor et al.,

2005). O’Connor et al. (2005) considered the lack of agreement that exists within

the area of high-energy emission from pulsars. The authors also describe a more

phenomenological approach to the area of non-thermal emission from optical pul-

sars.

Goldoni et al. (1995) carried out a phenomenology of the population of (pulsed

and non-pulsed) optical pulsars. The conclusion of this work showed that Ṗ may

act as a distinguishing parameter in describing the multi-frequency emission of

isolated neutron stars (INS). Therefore, the high-energy emission mechanism of

INSs is dominated by the magnetic-field both as a photon generator and absorber.

Shearer and Golden (2001) used a larger sample of pulsars and focused on the 5

known to pulsate. It must be noted that the results of this sample were limited

due to its size. Their work revealed an empirical scaling of optical (and γ-ray) flux

with the magnetic-field strength at the light cylinder (BLC). The results of the

Shearer and Golden (2001) study gave further validation to the predictive model of

optical emission, the Pacini model of magnetospheric synchrotron emission located

at the constant fraction of the light cylinder (Pacini, 1971; Pacini and Salvati, 1983,

1987). Figure 2.9 shows the predicted peak luminosity against the peak luminosity

observed by the authors, accounting for the differing observed energy spectrum

exponent at 4500 Å. Shearer and Golden (2001) also considered the expected flux

from the anomalous X-ray, a class of magnetar. It was found that if the observed

P and Ṗ relationship can be interpreted in the same way as for normal pulsars

to derive a canonical surface field then it can be estimated what the expected

luminosity of these objects would be. The derived luminosity was very low - a

reflection of the weak light cylinder field.

In the discussion of synchrotron emission from pulsars, Malov and Machabeli

(2001) addresses the cyclotron instability, which causes an appearance of transverse

momenta of relativistic particles in the outer parts of the magnetospheres. This

transverse momentum loss, via synchrotron, occurs during a very short period of

≤ 10−20 seconds. The authors formulate an equation that describes how such

processes are controlled and find its solution. A distribution of pitch angles for

particles via synchrotron emission were determined and they also show that this

radiation is emitted near the light cylinder showing a correlation with Shearer and
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Figure 2.9: Predicted peak optical luminosity from equation 2 versus observed
peak emission. Also shown is the weighted fit described in the text. The weighting
was based upon the observational uncertainties in flux and distance (Shearer and
Golden, 2001).

Golden (2001). It was also shown that optical emission will be observed in pulsars

with small angles between the rotation and magnetic axes.

Another predictive model for optical emission was proposed by Malov (2001).

They derive the luminosity of radio pulsars due to synchrotron radiation by the

primary beam at the magnetosphere periphery. Their model shows a strong corre-

lation between the observed optical luminosities of radio pulsars and the parameter

Ṗ /P 4: It predicts appreciable optical emission from several dozen pulsars, partic-

ularly those with a P < 0.1 seconds. They found that when γp = 2 - 13, agreement

is found in the predicted and observed optical luminosities. It was found that the

magnetic-field structure near the neutron star surface must deviate strongly from

a dipolar field in order to produce secondary plasma from Lorentz factors such as

these, as was proposed by Ruderman and Sutherland (1975). It is concluded that
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the shorter the period of a pulsar, the harder the energy at which the peak of its

synchrotron radiation is observed.

O’Connor et al. (2005) investigated and proposed a synchrotron self-absorption

(SSA) scaling model for optical pulsar emission based on the Pacini model. The

SSA model allows the possibility of two alternative scaling laws, the difference

arising from different assumptions about how the underlying particle population

is generated - specifically, whether one is dealing with a single magnetic γB gen-

eration event, or a cascade process. One method of this model predicts cut-off fre-

quencies not inconsistent with observations. It predicted magnitudes for younger

pulsars, but underestimated luminosities of the two older optical pulsars (Geminga

and PSR B0656+14). An age-dependent variation in optical emissivity could ac-

count for this part of the design. The models proposed by Pacini and Salvati

(1987) and Shearer and Golden (2001) remain the most accurate (to first order)

in predicting the luminosity of optical pulsars, both of which use light cylinder

magnetic-field scaling as an assumption that emission is at a constant fraction of

the light cylinder distance. This suggests that it’s possible that light cylinder scal-

ing shows light cylinder fields are intrinsically related to the high-energy emission

from pulsars in some way.

The pulsar timing method (Lorimer and Kramer, 2004; Lyne and Graham-

Smith, 2006; Manchester and Taylor, 1977) compares observed pulse times with

those modelled based on the pulsar’s astrometric, orbital, and rotational param-

eters. Any features in the residuals of this model may include calibration errors,

orbital companions, or spin-down irregularities. There exist two main types of

irregularity; ‘glitches’, which are sudden increases in rotation rate followed by a

period of relaxation, and ‘timing noise’, which consists of low-frequency structures.

Understanding the cause of these irregularities may allow us to relate these phe-

nomena and provide insight into the interior structure of neutron stars. Hobbs

et al. (2010b) carried out a large-scale analysis of pulsar timing noise over time

scales > 10 years, for multiple observing frequencies and for a large sample of

normal and recycled pulsars. The authors found that the pulsars with the small-

est characteristic ages were shown to be dominated by the recovery from glitch

events, whereas, for older pulsars, timing irregularities were quasi-periodic. It is

concluded that previous models that explained timing residuals as a low-frequency
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noise process are not consistent with these observations, which were of significance

due to the length of the observation period.

2.8 Optical Polarisation of the Crab Pulsar

The most optically bright pulsar that has been observed to date is the Crab pulsar,

including its pulsar wind nebula (PWN). This pulsar, as has been discussed, is the

remnant of a supernova first observed in 1054 AD. It is the pulsar itself which

powers the Crab Nebula, and polarimetric observations over the last 60 years have

revealed interesting activity and geometry about the pulsar and its surrounding

nebula. It is with this information that it will be possible to limit the number of

emission models (i.e. location of particle acceleration) and gain a better understand

for how the pulsar itself works.

The number of optical pulsars is growing (14 are known), however, there are

only 5 where the polarisation signal has been measured; the Crab (Wampler et al.,

1969; Smith et al., 1988; Kristian et al., 1970; S lowikowska et al., 2009; Moran

et al., 2013), Vela (Wagner and Seifert, 2000; Mignani et al., 2007a), PSR B0540-

69 (Middleditch et al., 1987; Chanan and Helfand, 1990; Wagner and Seifert, 2000;

Mignani et al., 2010) PSR B0656+14 (Kern et al., 2003), and PSR B1509-58 (Wag-

ner and Seifert, 2000). In particular, the Crab pulsar has been studied extensively

owing to having the largest optical magnitude V ∼ 16.8 (Nasuti et al., 1996); both

phase-averaged and phase-resolved studies of its optical polarisation have been

undertaken. Table 2.2 is a summary of the polarisation measurements of optical

pulsars from S lowikowska et al. (2009), where the polarisation degree is given as a

percentage, and position angle in degrees (North, 0◦ to East, 90◦).
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Table 2.2: High energy polarisation measurements of pulsars and their nebulae
(S lowikowska et al., 2009).

Band Pulsar/Polarisation Nebula (near PSR) Ref

Crab

Optical (V ∼ 16.6)
phase-resolved 9.7% ± 0.1% ; 139.8◦ ± 0.2◦ [1],[2]

phase-averaged 9.8% ± 0.1% and 109.5◦ ± 0.2◦ (< 5 ′′ from PSR) [3]

phase-averaged 5.2% ± 0.3% and 105.1◦ ± 1.6◦ (< 5 ′′ from PSR) [14]

UV
phased-resolved, similar to optical - [4]

P.D. and P.A. (MP and IP)

X-ray X-ray only upper limits 19.2% ± 0.9%; 155.8◦ ± 1.4◦ [5],[6]

Hard X-ray/soft γ-ray
off-pulse (phase: 0.52 - 0.88) > 72%; 120.6◦ ± 8.5◦ [7]

phase-averaged 47%+19%
−13%; 100◦ ± 11◦ [7]

γ-ray off-pulse (phase: 0.5 - 0.8) 46% ± 10%; 123◦ ± 11◦ [8]

B0540-69

Optical (V ∼ 22.5) phase-averaged: ∼ 5%, no error quoted; phase-resolved: < 15% 5.6% ± 1.0% ; 79◦ ± 5◦ [9],[10],[11]

Vela

Optical (V ∼ 23.6) phase averaged: 9.4% ± 4%, 146◦ ± 11◦ [9],[12]

B0656+14

Optical (V ∼ 25)
double peak light curve; P.D. bridge ∼ 100%, peaks ∼ 0% [13]

P.A. sweeps in agreement with RVM

B1509+58

Optical (V ∼ 25.7) phase-averaged: ∼ 10.4% (very uncertain, no error quoted) [9]

References: [1] Smith et al. (1988), [2] S lowikowska et al. (2008), [3] S lowikowska
et al. (2009), [4] Graham-Smith et al. (1996), [5] Silver et al. (1978), [6] Weis-
skopf et al. (1978), [7] Forot et al. (2008), [8] Dean et al. (2008), [9] Wagner and
Seifert (2000), [10] Middleditch et al. (1987), [11] Chanan and Helfand (1990), [12]
Mignani et al. (2007a), [13] Kern et al. (2003), [14] Moran et al. (2013).
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The characteristics of the beamed radiation from the Crab pulsar can be mea-

sured in greatest detail at optical wavelengths. The suggestion of variation in

polarisation and rotation of polarisation angle (PA) was first reported by Warner

et al. (1969). Results for the phase-resolved linear polarisation of the optical emis-

sion was first published by Wampler et al. (1969); Kristian et al. (1970); Cocke et al.

(1970), and early observations assumed that the emission between the pulses was

negligible. It was shown that the polarisation angle sweeps through the peak and

the polarisation degree decreases and then increases within each pulse, reaching

the minimum shortly after the pulse peak. It was also found that the polarisation

behaviour of the sub-pulse is similar to that of the main pulse and the intensities

are asymmetric in the opposite sense. These observations were limited to the main

pulse (MP) and inter pulse (IP) phase region only. It was later shown by Peterson

et al. (1978); Jones et al. (1981); Percival et al. (1993); Golden et al. (2000) that

the emission persisted throughout the pulsar’s cycle.

Smith presented an accurate method of removing the background polarised

signal, following from Jones, from the Nebula, to find the pulsar’s intrinsic polar-

isation. These results confirmed previous observations, and were the first studies

to reveal the degree of polarisation profile of the pulsar during the bridge and off-

pulse phase regions. They also found that the off-pulse region is highly polarised.

The degree of polarisation was measured at a level of 70% and 47 ± 10% by Jones

et al. (1981); Smith et al. (1988), respectively. The polarisation angle was also

measured by both authors, at a value of ∼ 108◦ and ∼ 130◦, respectively. Smith

et al. (1988) shows a similarity between the polarisation behaviour of the 2 pulse

components; both the main and inter pulse occur at the same position angle and

at the same point in the loop traced by the polarisation vector. A polarisation

measurement of the background at the pulsar of 8% was made, with a polarisation

angle of 152◦. This was in reasonable agreement with work carried out by McLean

et al. (1983). Smith et al. (1988) proposed that the two pulse components repre-

sent radiation, which is beamed by a combination of relativistic beaming and an

intrinsic directivity in the source. It is indicated that this may be due to curvature

radiation along the direction of magnetic-field lines.

S lowikowska et al. (2009) report the most detailed phase-resolved observations

of the optical linear polarisation of the Crab pulsar. Their results are consis-
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tent with previous observations, however, with better definition and statistics.

S lowikowska et al. (2009) recorded a phase averaged degree of polarisation value

to be 9.8 ± 0.1% with a polarisation angle of 109.5 ± 0.2◦. The values measured

after DC subtraction (removing the signal contribution by the Knot, or the off-

pulse region) are 5.4 ± 0.1% and 96.4 ± 0.2◦, respectively. Figure 2.10 gives a

detailed description of the findings by S lowikowska et al. (2009) and the phase

location of the DOLP and PA with respect to the radio phase. The authors also

report changes in the PA, which are aligned with the MP maximum of the opti-

cal light, and with the zero phase, i.e. with the radio phase of the MP. Figures

and a more detailed analysis can be found in the published work. The authors

have completely resolved the polarisation characteristics of both peaks of the Crab

pulsar, MP and IP, in the optical pass bands. They have also characterised the

polarised emission between the peaks, i.e. the bridge as well as the DC (‘off-pulse’)

region. The authors have also better characterised the polarised emission between

the peaks, i.e. the bridge as well as the DC (‘off-pulse’) region, and they report

that the MP of the Crab pulsar arrives 231 ± 68 µs before the peak of the radio

pulse.

Another striking correlation between the radio pulse profile and the degree

of optical polarisation can be seen in Figure 2.10. The radio precursor seems to

be well aligned with the bump in the degree of optical polarisation. During this

phase of the leading wing of the optical main pulse, the position angle change

is also characterised by a nearly linear swing. It is premature to speculate, with

current models of emission from the pulsar magnetosphere, how the coherent and

incoherent emissions interact.

Further observations in the polarimetric characteristics of the Crab pulsar have

been carried out by Moran et al. (2013). The authors have studied the phase-

averaged polarisation properties of the Crab pulsar and its nearby synchrotron

knot marking the first high-spatial resolution multi-epoch study of the polarisation

of the inner nebula and pulsar. An apparent alignment between the polarisation

position angle of the pulsar and the pulsar’s proper motion vector was found, and

confirmation that the inner Knot is responsible for the highly polarised off-pulse

emission seen in observations in the optical. It was also the first reporting of the

variability in the inner Knot’s position and brightness over these observations, and
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Figure 2.10: Optical polarisation characteristics of the Crab pulsar compared with
the pulsar radio profiles. Radio profiles obtained at radio frequencies of 1400 MHz
and 610 MHz are shown as a solid line and dashed line, respectively. Left column is
a close in plot of the MP phase, whereas the right column is the IP phase. Points
indicate the optical polarisation measurements, while the dotted line shows the
optical intensity profile (S lowikowska et al., 2009).

the linear polarisation signal. The findings of this work show that the pulsar is 5.2

± 0.3% and 105.1 ± 1.6◦, and the synchrotron Knot measured 59.0 ± 1.9% and

124.7 ± 1.0◦ for degree of linear polarisation and polarisation angle, respectively.

The polarisation of the wisps and inner nebula have also been measured with no

significant variation in a 3 month period.

It is expected that these, and further, polarisation measurements will help

provide essential data to constrain theoretical models, such as those mentioned

above and also McDonald et al. (2011) who have developed an inverse mapping

approach for determining the emission height of the optical photons from pulsars.
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In the case of the Crab pulsar, the model uses the optical Stokes parameters

to determine the most likely geometry for emission, including: Magnetic field

inclination angle (α), the observers line of sight angle (χ), and emission height.

The findings of this model show that the most likely emission altitude is at 20%

of the light cylinder radius above the stellar surface, in the open field region; also

showing agreement with the Pacini model and Shearer and Golden (2001) - the

emission occurs at a constant fraction of the light cylinder radius. The authors

also present a general treatment of the expected polarisation from a synchrotron

source with a truncated power law spectrum of particles.

2.9 Optical Studies of Giant Radio Pulses

Not after the discovery of pulsars, Staelin and Reifenstein (1968) and Heiles and

Campbell (1970) reported the detection of giant radio pulses (GRPs) from the

Crab pulsar. These were discovered during a search for dispersed periodic signals

after the discovery by Hewish et al. (1968). The term giant-pulses was coined for

individual radio pulses that are 10 - 20 times stronger than the mean pulse energy

(Slowikowska et al., 2007). Finding a correlation, or lack of one, between the lowest

(radio) and highest (γ-ray) energy emissions would have profound implications for

models of the nature of pulsar emission. Lundgren et al. (1995) reported that

giant-pulse fluctuations are most likely associated with changes in the coherence

of the radio emission. It is reported that, after accounting for scintillation effects

resulting in propagation of the signal through the interstellar medium, the giant

pulses remain. This suggests that they are caused by a change in the emission

mechanism at the pulsar. The authors show that the correlation analysis between

γ-ray and radio observations reveal that the γ-ray emission does not vary more

than 2.5 times the average level at the giant radio-burst times. Lack of correlation

implies that giant radio-bursts are primarily caused by enhanced coherence, not

variable pair-creation rates. Sallmen et al. (1999) showed that the giant pulse

emission from the Crab pulsar is broadband where 70% of the pulses were observed

at 1.4/0.6 - GHz. This was concluded to be intrinsic to the pulsar emission process

and not the result of multiple imaging in the intervening plasma. Further work in

radio emission resulted in a discovery by Hankins et al. (2003) where the authors
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show that these giant pulses are superpositions of extremely narrow nanosecond-

duration structures.

The radio emission is chaotic (pulse-by-pulse), however, an averaged pulse pro-

file is steady. This is made more complex by the existence of GRPs. The study

of giant radio pulses detected from a number of pulsars, can begin to restrict the

environment within the radio emission zone and thus inform on the nature of the

radio emission and its relationship to the higher energy emission. On the other

hand ‘normal’ pulsar activity results in regular, repeating periodic lightcurve sig-

nals, the giant pulses occur at random intervals and have energies up to many

thousands of the mean energy.

Jessner et al. (2005) showed that GRPs are located in all phases of ordinary

radio emission, and not restricted to only two of the pulse components (main

and inter), which was originally proposed by Cordes et al. (2004) observations of

the Crab pulsar. These components are the same as those detected at optical,

X-ray and γ-ray energies, suggesting that the mechanism for giant pulse emission

occurs high in the magnetosphere, where these emissions are expected to originate,

also discussed by Harding and Daugherty (1998). The occurrence of giant pulses is

strongly frequency dependent. Cordes et al. (2004) found that giant pulses ‘follow’

the inter pulse in pulse phase as it shifts to earlier phases above ∼ 4 GHz; they

conclude that the same physical region produces both the low-frequency and the

shifted, high-frequency inter pulse.

GRPs are believed to be associated with non-thermal high energy emission, the

Crab pulsar being the best known example. Confirmation of this idea came from

observations by Romani and Johnston (2001) of millisecond pulsar PSR B1821-24.

The authors detect individual pulses from the high Ė of this MSP with energies

exceeding 50 times the mean pulse energy. These giant pulses are concentrated in

a narrow phase window coincident with the power-law non-thermal pulse seen in

hard X-rays. The idea that large B fields in the outer magnetosphere are critical

to the formation of such pulses is supported by the phenomenon of GRPs.

A correlation was detected between optical and giant radio pulse emission from

the Crab pulsar by Shearer et al. (2003) which showed that the giant radio pulses

were on average 3% brighter than those coincident with normal radio pulses, see

Figure 2.11. It was observed that only the optical pulse, which is coincident with
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a GRP, shows enhanced intensity (7.8 σ brighter than the mean profile); this sug-

gests that the GRPs and increased optical emission produced in the Crab pulsar’s

magnetosphere are linked to an increase in the electron-positron plasma density.

Whatever triggers the GRP, it releases energy uniformly throughout most of the

electromagnetic spectrum, as implied by similar energies of radio and enhanced

optical pulses. Therefore, it is proposed that changes in the pair production rate

at the level of a few percent could explain the optical variations, and would be

expected at higher energies (not contradicted by existing limits to enhanced γ-ray

emission). Further information is required to account for the radio GRPs mecha-

nism.

Figure 2.11: The mean optical ‘giant’ pulse superimposed (including error bars) on
the average optical pulse (Shearer et al., 2003). The average pulse is determined
from the 40 pulsar periods centred on the GRP, but not including it, from both
nights of observation.

Knight et al. (2006) detected giant pulses from the pulsar PSR J1824-2452A.

The pulses were found to occur in two narrow regions, which correlate in phase with

the X-ray emission and trail the peaks of the integrated radio pulse-components.
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The authors show that X-ray emission occurs over a wider phase range than the gi-

ant pulses, and (again) conclude that the two emission phenomena likely originate

from similar regions in the magnetosphere, but not necessarily from the same phys-

ical mechanism. Furthermore, Lommen et al. (2007) reports correlations between

the Vela pulsar’s X-ray emission and radio arrival times on a pulse-by-pulse basis.

A significantly higher flux density was found in Vela’s main X-ray peak during

radio pulses that arrived early. The excess flux was found to shift to the ‘trough’

following the second X-ray peak during radio pulses that arrived later. This fur-

ther strengthens the case where it is believed that the mechanism producing the

radio pulses is connected to that producing the X-rays.

S lowikowska et al. (2009) show that there exists a subtle connection between

the presumed non-coherent (optical) and coherent (radio) emissions. This supports

findings by Shearer et al. (2003). S lowikowska found that the minimum degree of

optical polarisation occurs at the phase of 0.999, which is very close to the radio

pulsar phase. It was found that the behaviour of θ as a function of phase observed

for the Crab pulsar at optical wavelengths differs from those observed at radio

wavelengths (e.g. Moffett and Hankins (1996); Karastergiou et al. (2004), and

Slowikowska2005). Two possible factors that could account for this difference are:

Different propagation effects, and different intrinsic emission mechanisms. The

former, in particular, has a role in explaining high-energy emission models such as

the outer-gap or the two-pole caustic model. These have been discussed in Section

2.6.

Strader et al. (2013) observed a link in the Crab pulsar between enhancement

of an optical pulse and the timing of the corresponding GRP. This was observed

using the ARray Camera for Optical to Near-IR Spectrophotometry (ARCONS)

(a unique superconducting energy-resolving photon-counting array); radio obser-

vations were taken at the Green Bank Telescope. An 11.3 ± 2.5% increase in peak

optical flux for pulses that have an accompanying GRP arriving near the peak of

the main optical pulse, in contrast to 3.2 ± 0.5% increase when an accompanying

GRP arrives soon after the optical peak. In the case of the inter pulse, for the

same analysis, there is a 2.8 ± 0.8% optical enhancement. This strengthens the

link in the origin of optical and radio emission; no significant, statistical differences

were found in spectral data suggesting the same mechanism is responsible for all
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optical emission.

Further studies of the linear polarimetric characteristics in the high-energy

regime is a powerful tool which would further our understanding of the pulsar emis-

sion mechanism. Polarimetric information of GRP emission could be an indication

that these pulses have the same polarisation as the optical emission and hence, the

same geometry. From an optical observational standpoint, GRPs are significantly

more difficult than normal pulsars to observe - random arrival of pulses albeit in

phase with normal emission, and at a rate significantly less than the normal pulsar

rate. For this reason, polarisation studies of these types of event restrict the type

of polarimeter, which can be used in the GRP studies; this makes simultaneous

measurements of all Stokes parameters important (Shearer, 2008). Observing the

optical polarimetric signal during GRP events is one of the main motivations in

developing the GASP instrument for high-time resolution astrophysics. Studies

involving joint radio observations with GASP offer the opportunity to constrain

current emission models.
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Chapter 3

The Galway Astronomical Stokes
Polarimeter

This chapter summarises the work of a paper published by Collins et al. (2013)

in Experimental Astronomy in 2013 entitled ‘The Galway astronomical Stokes

polarimeter: an all Stokes optical polarimeter with ultra-high time resolution’.

More detail of the prism-rhomb design and development may be found in Collins

(2012). The Monte Carlo noise modelling for the GASP flux found in Table 3.1,

and the results in Section 3.3 were produced from the work of this thesis.

3.1 Science Motivation

There are many astronomical objects that emit polarised light. Quite a lot of in-

formation can be gathered by taking polarimetric measurements, both about their

source mechanisms, and about (scattering) geometry in their source regions. To

date, stellar observations have focused, for the most part, on the linearly polarised

component of the emission. Largely, the motivation in developing the Galway

Astronomical Stokes Polarimeter (GASP) has been to enable the ability to make

observations on these very sources.

Observations have been restricted due to inadequate instrumentation, and par-

ticularly the need for suitable observing conditions and the availability of luminous

targets. This leaves a whole range of interesting objects beyond the range of ob-

servation at present.
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Polarisation can be considered to be either intrinsic, that is coming from the

object’s source function, or extrinsic, in that the radiation is modified after emis-

sion primarily through scattering (Collins et al., 2013). Optical observations of

astronomical objects, which benefit from polarimetric observations include active

galactic nuclei (Angel and Stockman, 1980; Laor et al., 1990; Goosmann et al.,

2007; Agol and Blaes, 1996), compact binaries (Patterson, 1994; Cropper, 1990;

Stockman et al., 1992; Wickramasinghe and Meggitt, 1986; West, 1989; Katajainen

et al., 2007), and pulsars (S lowikowska et al., 2009). In all these cases, the emission

comes from non-thermal sources - most likely the interaction of relativistic plasma

with a strong magnetic field. Stellar scale binary systems normally show distinct

stochastic and periodic variability; consequently, time resolved polarimetric ob-

servations are important. GASP is ideally designed to observe targets such as

isolated neutron stars, either pulsars or magnetars, and compact binary systems.

Shearer et al. (2010) give a review of the current state of optical polarimetric ob-

servations of these systems. Table 3.1 gives a summary of fluxes and exposure

times for detecting targets with a degree of polarisation of ∼ 5% against normal

sky background and 1 ′′ seeing/aperture.

1Four main groups of targets have been identified. The first two groups, pulsars and magne-
tars, the time scale given is the rotation period. Gamma-Ray bursts, a one second integration
period has been used. For the binary systems, the orbital period of the secondary has been
specified. We note that the rotation period of the primary is likely to be significantly less than
this.

2The GASP flux is based upon the measured throughput of GASP and assuming 70% detector
quantum efficiency and 95% total reflectivity of the telescope mirrors.

3counts/second/channel
4The given polarisation is either for the pulsed signal (P) or the time-averaged signal (A).

In terms of understanding the physics of the objects it is usually the pulsed signal, which is of
primary interest.

5The figure given here shows the actual sensitivity required for the science case and the
actual polarisation assuming an unpolarised sky background. A V-band sky background of 21.5
magnitudes/ ′′2 has been assumed.

6Periodic
7Aperiodic
81E 1841-045 and GRB exposure times have been based upon I and R band sensitivity and

sky background, respectively.
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Table 3.1: Expected degrees of polarisation fluxes, & minimum exposure time for
detecting ∼ 5% polarisation Collins et al. (2013).

Target1 Time
Scale
(s)

Magnitude
(V)

GASP
Flux2

c/s/c3

Object
Polari-
sation4

(%)

Polarisation
sensitivity
require-
ment5 (%)

Exposure
Time -
5% po-
larisation
(s)

Ref

Pulsar 4m 10m Object Total 4m 10m

Crab 0.033 13.8 2800 17100 16 (P)6 0.1 0.1 6000 1000 S lowikowska et al.
(2009); Smith et al.
(1988)

Vela 0.089 24 3.7 22.5 9.4 ± 4
(A)7

1 0.03 > 12
hours

13800 Wagner and Seifert
(2000); Mignani
et al. (2007b)

B0540-60 0.050 23 9.3 56.6 < 15
(P) 5
(A)

1 0.07 10000 1700 Wagner and Seifert
(2000); Middled-
itch et al. (1987);
Chanan and
Helfand (1990)

B0656+14 0.385 25 1.5 9.0 0 - 100 2 0.03 > 12
hours

15000 Kern et al. (2003)

Magnetars

4U 0142+61 8.69 25 - 26 0.8 5.1 Not
known

5 0.03 > 12
hours

15000 Hulleman et al.
(2000)

1E 1841-045 11.78 25.3 (I) 1.5 9.4 Not
known

10 0.05 > 12
hours

280008 Dhillon et al.
(2009)

Gamme Ray
Bursts

GRB 090102 1 13 (R) 92000 56400 1% 1 1 55 9 McConnell et al.
(2009)

Close Binary
System

RX J0649.8-0737
(polar)

15811 17.2 1940 11800 Not
known

0.1 0.09 6200 1030 Motch et al. (1998)

RXJ1914.4+2456
(intermediate
polar)

569 19.7 194 1180 Not
known

0.1 0.06 14000 2300 Strohmayer (2004)
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3.2 Instrument Introduction

The Stokes polarimeter (see Section 1.2.1) is a design that has been used experi-

mentally for a wide variety of science objectives. Azzam et al. (1988) has devel-

oped a technique that is employed by this project called Division of Amplitude

Polarimeter (DOAP). It has been described in Section 1.2.2.2 and the GASP PSA

has been developed around this work and that of Compain et al. (1999), which will

be discussed in more detail later. Figure 1.5 gives the general layout for a division

of amplitude polarimeter.

The basis of this work comes from a design implemented in the laboratory

by Compain and Drevillon (1998). It has been shown that (see Section 1.2.2.2)

division of amplitude polarimeter (DOAP) involves the splitting of an incident

beam of light into reflected and transmitted beams. The design of GASP is based

on this DOAP design using partial reflection from the uncoated end surfaces of a

rhomb-type prism, similar to a Fresnel rhomb. Two total internal reflections (TIR)

within the main beamsplitting prism introduce a relative phase delay between the

p and s waves of the transmitted light; this is dependent upon the refractive index

of the glass and the angle of TIR. For glasses of typical refractive index (1.4 - 1.6)

and suitable total internal reflection angles the relative phase delay can be 45◦ at

each reflection, producing an effective quarter wave retardation overall. Hence,

the rhomb can be used to convert linear to circular polarisation and vice versa.

A requirement of GASP is that the quarter wave phase retardation of the

Polarisation State Analyser (PSA) is fully achromatic (explained in more detail

in Section 3.2.1). The principle of the GASP design makes use of additional

polarisation-dependent transmission/reflection introduced when the beam enters

and exits the prism at steep angles. This was first reported by Compain and Dre-

villon (1998) in their paper ‘Broadband division of amplitude polarimeter based

on uncoated prisms’. The main objective for GASP is to make use of the results

reported by Compain and Drevillon (1998) and optimise their design for astro-

nomical observations.
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3.2.1 The Polarisation State Analyser (PSA)

Figure 3.1: The optical layout of the Compain and Drevillon (1998) PSA for an
uncoated dielectric prism for the V - NIR (Visible - Near-Infrared). The light
beam is separated into two by a prism, then into four by two Wollaston prisms
W1 and W2 oriented at 45◦ with respect to the plane of incidence. Stokes vector
S is determined from the four intensities i1 - i4.

The usefulness of using the Stokes vector to measure the polarisation of light

mathematically has already been described in Section 1.2. A DOAP is a polari-

metric tool where an incident light beam is separated into four beams in order to

measure the incoming Stokes parameters from the four detected intensities. This

is done using a Polarisation State Analyser, known as the PSA from here on. The

PSA is the combination of the main beamsplitting Fresnel rhomb and two polar-
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ising beamsplitters such as Wollaston or Foster prisms. The orientation of the

Wollaston prisms is not critical in a relative sense, as long as they are aligned

to some integer multiple of 45◦. An orientation at 0 or 90◦ would result in a

non-invertible matrix A. A 45◦ angle produces an invertible matrix and splits the

beam 50:50; once the system has been aligned experimentally, it must be calibrated

based on this alignment.

he PSA has a characteristic matrix that fully describes the instrument, polari-

metrically, by linking the four measured intensities to their corresponding Stokes

vector, i.e., it contains all the information for how well the instrument is calibrated,

experimentally. Figure 3.1 describes a typical layout for the DOAP configuration.

The orthogonal prism, with its base in the plane of incidence, acts as a first-stage

beamsplitter and provides the essential polarimetric properties. These properties

are displayed, as usual, by the reflection and transmission Fresnel coefficients of

the prism (Azzam and Bashara, 1988),

T 2 =
1

2

(
t2p + t2s

)
(3.1a)

R2 =
1

2

(
r2p + r2s

)
, (3.1b)

where p refers to the plane of incidence and s to the orthogonal direction.

Transmission coefficient T must often be corrected to take into account the ab-

sorption, which is not negligible when high-refractive-index glasses are used. The

absorption depends on the optical path L inside the prism and on absorption

coefficient a. The intensity of the transmitted beam is then multiplied by

exp(−αL). (3.2)

The ellipsometric angles Ψ and ∆ describe the polarimetric properties of the

prism. They are defined by

tan(Ψr) exp(i∆r) =
rp
rs
. (3.3a)

tan(Ψt) exp(i∆t) =
tp
ts

(3.3b)
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The 4 × 4 real matrix A is the characteristic matrix of the polarimeter. It can

be derived from the ellipsometric angles of the prism given by Equations 3.3a and

3.3b

A = D


1 − cos 2Ψr sin 2Ψr cos ∆r sin 2Ψr sin ∆r

1 − cos 2Ψr − sin 2Ψr cos ∆r − sin 2Ψr sin ∆r

1 − cos 2Ψt sin 2Ψt cos ∆t sin 2Ψt sin ∆t

1 − cos 2Ψt − sin 2Ψt cos ∆t − sin 2Ψt sin ∆t

 , (3.4)

where D is defined by

D =
1

2


G1R 0 0 0

0 G2R 0 0

0 0 G3T 0

0 0 0 G4T

 , (3.5)

where the values for Gi refer to the gain coefficients of each detector. The

system matrix that is calculated experimentally contains all this information in-

cluding detector gain. The optimization of the PSA for this work will not be

discussed in this thesis, but can be found in Collins (2012).

The matrix is divided into 4 rows. The first 2 rows represent both RP channels,

and the second 2 rows are each of the TP channels. Of course, the order of these

channels within each path depend on the experimental optical alignment. The first

column of the system matrix (and the PSA) represents the gain of the 4 channels

of the DOAP, which also includes the gain of each detector. The last 3 columns

represent the physical meaning of the ellipsometric angles of the rhomb-prism. The

second column of the GASP PSA is the − cos of the relative amplitude change of

the s- and p- components of the light (Ψ). The last 2 columns use Ψ and ∆, the

phase difference between the p- and s-direction of the complex Fresnel reflection

and Transmission coefficients. These values are dependent on the AOI, and hence

the TIR angle. These are essentially the properties of the entire PSA and an

experimental matrix is calculated by probing the PSA with many polarisation

states of light (this is discussed in Section 5.3). This is discussed in greater detail

by references such as Compain and Drevillon (1998); Azzam et al. (1988); Azzam

and Bashara (1988), which is beyond the scope of this work.

80



3.2.2 The Polarimeter Design

Figure 3.2: The optical layout of GASP. This is a general design used for any
telescope and any detector system. The optical prescription (with the exception
of the main beam splitting prism) changes depending on the choice of telescope
and detector.

The initial GASP design was presented by Collins et al. (2009); where is de-

scribes how GASP measures the four components of the Stokes vector simultane-

ously with a retardance error �1% over a spectral range of 400 - 800 nm. The

optical design of GASP contains no moving or modulating components. Therefore,

it is possible to achieve high time resolution (of order microseconds), and temporal

stability based on the choice of detector.

The beam at telescope focus is collimated to a suitable pupil size (see Section

4.3.3), producing S(t) and is separated into two beams: R(t) - reflected, and

T(t) - transmitted. The expected intensities of T(t) and R(t) are arranged to

be approximately equal when fully unpolarised light is incident on the prism.
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This is dependent on the chosen angle of incidence (AOI) of the prism, and the

orientation of the subsequent polarising beamslitters. There is a range of values

for the AOI for which the prism rhomb can achieve a suitable TIR producing a

quarter wave retardance. Therefore, this configuration can vary for reasons that

will be explained in Chapter 4. The AOI is denoted by φ1, on the uncoated

face of the prism, and the internal angle that defines the shape of the parallel

sided prism, is denoted by χ. Both R(t) and T(t) are, subsequently, divided

into two by two polarising prisms (Wollaston prisms, W1 and W2, in this case)

oriented at 45◦ to the plane of incidence on the prism. The internally transmitted

beam T(t) undergoes a quarter wave uniaxial phase delay created by two total

internal reflections at angle φ2 (determined by the geometry and the refractive

index of the glass) inside the prism, and is then partially transmitted and partially

reflected at the bottom face of the prism. The values in Table 3.2 are the properties

corresponding to the current GASP rhomb and configuration for the instrument.

All measurements, theoretical and experimental, use these values.

Table 3.2: Geometrical and polarimetric properties of the current GASP prism-
rhomb Collins et al. (2013).

Prism Geometry Glass Properties Polarimetric Properties

Reflection Transmission

φ1 = 78.50◦ λ = 589nm R = 0.3533 T = 0.4352

φ2 = 58.48◦ n = 1.589 ∆r = 180◦ ∆t = 90◦

χ = 96.62◦ α = 0.2002 Ψr = 30.48◦ Ψt = 59.85◦

GASP works by splitting the beam into two components, and then using each

of the Wollaston prism in each of the two beams producing intensities i1-i4. The

ratios of intensities i1 and i2 carry information about Stokes parameters Q and U

when related to the instrument calibration. An achromatic quarter wave phase

retardation (turning circular into linear polarisation) and additional diattenuation
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is introduced into one of the beams, which the second polarising beamsplitter

(PBS) can then examine - the ratios of i3 and i4 therefore carry information about

the Stokes parameters Q and V, as above. Information about I is carried by the

linear combination of i1 + i2 + i3 + i4, again through calibration.

The Stokes vector is determined from the intensities i1, i2, i3 and i4. In Figure

3.2 (modified version from Collins (2012) and Collins et al. (2013)), it can be seen

that in the original Compain and Drevillon (1998) design there was an inevitable

∼ 20% of the light reflected from the second face of the main beamsplitting prism.

In their design, one vertex of the prism was removed and the resulting surface

roughened and blackened in an attempt to absorb this waste light, which might

otherwise result in stray reflections. In the design stage of GASP, an additional

‘extractor’ prism, was designed to produce transmission of ∼ 80% of the stray

light into an external beam parallel to R(t) to be used for finding, guiding, and/or

photometry; however, it would not be possible to produce any components of the

original Stokes vector from this extractor arm. The final ∼ 4% waste light is also

absorbed by a blackened ground surface.

Various optical designs of GASP have been explored, in which the four beams

i1 - i4 have been detected in various ways. These include a single imaging detector

design, a double imaging detector design, and a multiple non-imaging detector

design (using an array of photon counting avalanche photodiodes). These various

solutions are appropriate to different astronomical targets; the imaging solutions

offer high efficiency and the ability to perform polarimetry on point or extended

sources in complex field regions, under varying atmospheric seeing conditions,

however, they have limited time resolution. For the highest time resolution, photon

counting detectors are required. Whilst these considerations are peripheral to the

optical design and performance of GASP, detector limitations (noise and stability)

ultimately limit its performance.

The initial design for GASP utilised a single-imaging-detector, see Figure 3.4.

The collimated light beam S(t) is split into two beams R(t) and T(t) by the re-

tarding beamsplitter. The resulting four beams are refocused upon one imaging

detector using a 2-mirror solution to capture both beams. A third beam (∼ 16%

of the total intensity) can be extracted and refocused on a further imaging detec-

tor. This can be used for guiding during observations for a non-imaging system.
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Figure 3.3: Final Zemax design of the GASP main beamsplitter (Collins et al.,
2013). The reflected and transmitted beams can be seen, and the extractor arm,
which can be used for guiding.

This design had considerable difficulties in alignment and resulted in reduced light

throughput due to the extra optical reflections. A double-imaging-detector and

8-detector system will be explored in Chapter 4.
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Figure 3.4: Optical layout for GASP as a single-imaging-detector polarimeter
(Collins et al., 2013). The instrument used reflecting mirrors orientated to capture
all 4 beams on a single chip.
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3.3 Noise Sensitivity of GASP

A photon counting polarimeter like GASP - which relies upon comparing the inten-

sities of four light beams - is inherently subject to Poisson noise at various stages

in its calibration and use. The effect of noise in calibration is to produce (fixed)

errors in the calibration matrix (A) which lead to small systematic errors in the

measurement of the components of the Stokes vector of the incoming light, but

it does not introduce random noise. These systematic effects during calibration

can be minimised by combining very large numbers of counts at each calibration

angle, and the use of a calibration method, which achieves this through averaging

effects or a set of algebraic conditions (further discussion in Section 5.5).

Part of the work of this thesis was a theoretical investigation into the Poisson

noise contribution to the GASP PSA during calibration, and use as a full Stokes

polarimeter. The results of this analysis can be found in Figure 3.5 where the

degree of linear and circular polarisation (DOLP and DOCP respectively) are

examined.

The effect of noise in actual target measurements is more complex, affecting

different Stokes vectors differently. This is because certain extreme values - for

example nearly 100% polarised light, either linear or circular, at particular ori-

entations - could lead to one of the output intensities i1, i2, i3 or i4 becoming

very small. Then small statistical fluctuations in one of these numbers become

exaggerated in the mathematics of the matrix inversion used to generate the input

Stokes vector from the output intensity vector. In the case of astronomical targets,

however, these extreme situations essentially never occur and for the purposes of

investigating the Poisson-noise sensitivity of GASP, polarised light with 20% lin-

ear and 0% circular polarisation, and a total count rate of 3 × 106 counts per

second subject to Poisson fluctuations, has been simulated and then analysed. An

investigation of these errors using simulated GASP data has been carried out, and

the results of one such simulation run are given in Figure 3.5.

A simulation, illustrated in Figure 9, shows that in the situation where the

counts are approximately equally distributed between the four output channels,

output noise in the measurement of the degree of linear polarisation (DOLP) has

a noise corresponding to Poisson fluctuations in 50% of the total count, and in the
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Figure 3.5: Monte Carlo Simulation of GASP data using a theoretical calibration
matrix (found above) to model both the ingoing light and outgoing polarisation
values (degree of linear and degree of circular polarisation). The simulation was
modelled for a wavelength of 589 nm (for the prism glass type) (Collins et al.,
2013).

degree of circular polarisation (DOCP) to 100% of the total count. This enables

us to compute the sensitivity of GASP as a function of bandwidth for targets of

different magnitudes, observed on various sized telescopes. Figure 3.5 plots the

absolute value for DOCP. DOCP can be both positive and negative, which simply

implies a different direction. The subject of these simulations was investigated for

the purpose of publication by Collins et al. (2013); however, detailed investigations

of the noise sensitivity of GASP will be the subject of a later paper.
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Chapter 4

Optical and Hardware redesign of
GASP

The optical skeleton of GASP as a working polarimeter was near to completion

when this thesis work began. The Polarisation State Analyser was developed

by Collins et al. (2009). The choice of polarimeter was Division of Amplitude

Polarimeter, which has been discussed in Section 1.2.2.2 and 3.2.1.

When work for this thesis began GASP was in the final stages of development as

an 8-detector polarimeter using APDs, the specifications for which can be found

in Appendix D. These detectors were used for laboratory purposes; they were

brought to Loiano observatory in Bologna Italy but due to inadequate weather

conditions testing the polarimeter’s calibration on astronomical targets was not

possible.

It was discovered that a number of APD modules were beginning to fail prior

to moving GASP to the California Institute of Technology (Caltech). There were

also issues regarding the noise level of the APD array modules, which showed that

for the purpose of observation, these would not be sufficient for observing fainter

targets. It was not possible to replace these APDs due to funding limitations.

Observation time was awarded to GASP at the Palomar 200 inch telescope

(P200), and due to a collaborating group at Caltech, 2 Andor iXon Ultra 897

EMCCDs were loaned to the project. An optical redesign was required: This was

due to mechanical modifications made to the polarimeter to establish a suitable

method of calibration. The objective of this redesign was to produce an acceptable

FOV and pixel scale for GASP to use it as an imaging polarimeter. The solution
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will be presented in Section 4.3.4.

Another approach to solving the FOV problem when imaging is a redesign

of the prism-rhomb. Details of the design constraints can be found in Collins

(2012); the main objective of the prism-rhomb design was to produce a quarter

wave retardation that was as achromatic as possible. This was carried out using

a low dispersion glass with a refractive index of ∼ 1.59; it was optimised thusly.

To redesign this prism-rhomb, for a criterion such as a larger FOV, would require

further funding to the project, which was not available at the time, however, it is

an important consideration for future imaging polarimeter systems based on the

GASP design.

4.1 Imaging using 1-Detector

GASP is a versatile instrument regarding the choice of detector; the detector choice

is dependent on the main science motivation for this instrument. The initial design

concept for the polarimeter was a 1-detector imaging system (see Collins (2012) for

further reading on the implementation of this design). The 1-detector design used

the GASP PSA with some modifications in order to capture the 4 intensity beams

on a single detector chip. This created a number of issues in terms of alignment

and light loss for the overall system. Optomechanical restrictions along with the

number of detectors available meant that GASP was required to image 4 beams

on one chip. The reflected and transmitted beams are each reflected using 2 plain

mirrors. It is important that they be parallel to each other before entering the

Wollaston prism, and the final imaging lens, to prevent any vignetting of the FOV

or beam elongation. There were both advantages and disadvantages associated

with this type of optical system. In terms of alignment in the laboratory, it made

for a simpler optical design to incorporate a 2-detector imaging system, or an 8-

detector photon counting system, for GASP. This removed the need for making

any alterations to the direction of the light beam after the prism-rhomb, keeping

as close as possible to the PSA design by Compain and Drevillon (1998).
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4.2 An 8-Detector Polarimeter

In addition to measuring polarisation, it is possible for GASP to work as a high-

time resolution polarimeter - at microsecond time scales. It has been explained

in Section 3.1 that valuable information can be uncovered when measuring phase

folded polarisation for light curves of sources with millisecond periods. This is

difficult to achieve with imaging detectors due to high readout noise and lim-

ited frame rate capability. This problem has been overcome by other high-time

resolution instruments such as OPTIMA (Stefanescu et al., 2008), where these

groups have used non-imaging photon counting avalanche photodiodes to achieve

the necessary time resolution.

Figure 4.1: Optical Layout of a non-imaging (8 detectors) version of GASP (Collins
et al., 2013).

Figure 4.1 describes how GASP uses an array of eight fibre-fed single photon

counting avalanche photodiodes (APDs). The type of APDs that have been used

by GASP are described in Appendix D. These are arranged as four pairs in

four bundles with fibre tips separated by 250 microns, one pair for each of 4

PSA outputs. Supplementary optical components, needed for calibration of the
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instrument, are common to imaging and non-imaging versions of GASP. GASP

uses Foster prisms, instead of Wollaston, to achieve the second division of light.

These are used for mechanical reasons, however, they provide less dispersion of the

beam as the collimated beam is incident on the Foster prism-rhomb at 90◦. This

ensures all the collimated light retains its shape as it is passed to the fibre. Any

elongation of the beam would not be accounted for if it extended past the physical

size of the entrance aperture of the fibre head.

When using Foster prisms, it is important that the mounts are made to me-

chanically suit the experimental alignment that is required of a system such as

this. All alignment is carried out by measuring counts from a detector such as

a photon multiplier-tube (PMT) or an APD. When focusing the fibre optics, a

well focused beam is found by obtaining a maximum count value. The mechanical

structure, which holds the Foster prism must be adjusted rotationally to ensure

that the beam is split 50:50. This is difficult to achieve, but it is a requirement to

ensure no loss of light, and that the final calibrated system produces an invertible

matrix.

Re-imaging is carried out using 4 aspheric lenses, one per fibre, which are used

to eliminate spherical aberration. The lenses used in this design were 9 mm in

diameter with a focal length of 12 mm. When combined with a collimating lens

focal length equal to 40 mm, this produced a large enough demagnification to

project a target of ∼ 3 - 4 ′′ onto the fibre. The important aspect of this design

is to gather all the light from a single target only. Corruption of the signal could

occur if the demagnification was not large enough; this could occur if a signal from

a nearby star was also acquired. As will be examined in Section 4.3.1 onwards,

this is not a concern for an 8-detector system such as this. Assuming adequate

seeing conditions, a field of view no larger than 6 or 7 ′′ is sufficient, which is the

case for the optical design used by GASP. All the light in this FOV is gathered

by the fibre through each of the 4 lenses. 8 extra fibres are positioned either side

of the target fibre (all fibres in one row) and these measure the background light.

The project had access to 8 APD units and so 1 background fibre was used per

target.

In order to locate astronomical sources after pointing, a finder camera is used

and, using a fold-mirror, is located off axis. The finder camera and polarimeter
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detectors are aligned so that optical axes of their respective fields match. This

can be done using the prism-rhomb extractor arm which shares the same beam

as the reflected and transmitted paths. The choice of design layout, and other

considerations of a non-imaging version, will be described here.

In order to introduce all the necessary calibration components to the system,

some minor mechanical changes were made to the front end of the polarimeter.

In the early design stages, GASP used a pseudo-inverse calibration method. This

required a rotating linear polariser and quarter waveplate to generate an over-

determined system and was placed in collimated space. It has been discussed in

Section 5.5 that this method can not eliminate errors introduced by the optical

and polarimetric elements themselves as it bases all intensity measurements on an

assumed alignment of the polarisation state generator.

During the design stage for an APD version of GASP, it was apparent that in

order to create enough space for the calibration optics the position of the GASP

PSA would need to be adjusted. This alternation to the polarimeter would mean

that the pupil generated by the collimating optics would not be formed on the

footprint of the prism-rhomb. This extra space allowed for a filter wheel, the

Polarisation State Generator (PSG), and the main beamsplitting prism-rhomb.

For an 8-detector system, the location of the pupil was not of great concern.

The further the PSA is from the pupil (ideally the pupil should form on the prism-

rhomb footprint) the less collimated the beam will be as it passes through the

prism-rhomb. This can result in vignetting and clipping of the FOV. However,

the size of the field is completely limited by the size of the detector, and is usu-

ally chosen based on this factor. It is important that the field chosen is covered

by the size of the detector head (commonly 150 µm), and the optics determine

the magnification required to image the target onto the APD fibre. Some initial

calibration findings will be presented using an APD detector system in Chapter

5.6.

4.3 Imaging using 2-Detectors

GASP was awarded observing time for 4 nights on the Hale 200 inch telescope at

Palomar Observatory. The first optical challenge with GASP was to establish a
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suitable optical design that would demonstrate GASP as an imaging polarimeter,

enabling an acceptable FOV for a 5-m class telescope. The obvious approach

would be a redesign of the prism-rhomb making it capable of imaging a larger

FOV, however, due to lack of funding this was not possible. There were also

obstacles encountered using APDs (see Appendix D), which include failing modules

and high noise levels measured from the APD array modules. An opportunity to

use 2 Andor EMCCD detectors was available by a collaborating group at the

California Institute of Technology, therefore GASP was modified for use as an

imaging polarimeter.

4.3.1 The Field of View Problem

The focal ratio determines the choice of optics, and depending on the focal length of

the mirror, this is a limiting factor to the size of the field of view of the instrument.

The optical changes to GASP for an 8-detector system meant that the FOV size

was limited by the distance from the prism-rhomb to the collimator. The pupil

location was an important factor to consider when moving back to an imaging

system, and a number of lens combinations were analysed to find a solution to this

problem.

Another factor that must be considered when imaging is pixel scale. This is

the ratio of the size of the object imaged (usually in units of arcseconds) to the

number of pixels taken up by the object on the detector. It leads to two possible

issues that arise in systems such as these, over- or undersampling of the object’s

point-spread-function (PSF). Images that have blocky or square stars suffer from

undersampling. This means that there are not enough pixels covered for each

star’s image. The number of pixels that make up a star’s image is determined

by the relationship between the telescope focal length, the physical size of the

pixels (in microns), and the size of the star’s image (in arcseconds). Oversampling

arises when the size of the star is spread out over too many pixels. The larger the

pixel, the more sensitive the detector will be for any given focal length, which is

also a sampling issue. Oversampling will result in reduced sensitivity, but better

resolution.

The size of the prism-rhomb, and focal length of the mirror, define the in-
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strument FOV. When the main beamsplitting prism-rhomb was moved for an

8-detector system, this meant that the pupil did not fall on the prism-rhomb foot-

print. Instead the pupil formed before the prism-rhomb, resulting in vignetting

and hence reducing the overall field available for imaging. It was necessary to

rectify this problem if GASP was to work on a telescope of larger mirror diameter

and focal length.

A requirement of any instrument, when observing, is the ability to guide. In

particular, calibrating GASP relies on matching pixels across the 4 channels, as

well as between the observed target. This means that keeping the target on the

same set of pixels at all times is a priority. A larger field will introduce more stars

that can be used for guiding. The following section addresses the issue of the pupil

and the steps taken to produce a suitable optical design for the mechanical layout.

4.3.2 Choice of Telescope Focus

Any optical design work carried out with GASP will require a Zemax prescription

including design information for the telescope focus in use. In order to achieve

as large FOV as possible, GASP was designed to accept an f/9 beam (platescale

of 4.51 ′′/mm) at the Cassegrain focus of the P200, compared to the native f/16,

which has a smaller platescale (2.54 ′′/mm). A Zemax ray tracing image for the

f/9 set-up can be found in Figure 4.2.

Part of this work required producing a Zemax prescription for the f/9 focus as

this was not readily available at Caltech. The original ray tracing drawings for the

primary and secondary mirrors were available in the Caltech archives and these

were used to achieve a telescope beam that could be accepted by GASP.

4.3.3 FOV and Pupil Conjugation

Figure 4.4 shows the GASP prism-rhomb for an f/9 optical set up on the 200 inch

telescope at Palomar. The f/9 configuration was based on choice of collimating

optics for GASP only. This a general Zemax representation of the beam propaga-

tion from the P200. This gives an estimate of the extent of the vignetting that was

assumed to exist based on the modifications made for the APD detector system.
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Figure 4.2: A Zemax prescription for the f/9 Cassegrain focus for the Hale 200
inch telescope at Palomar Observatory. Note the extra optics used to convert an
f/16 beam to an f/9. This information was found from original drawings of the
P200 in the Caltech archives loaned to the group by Paul Gardner, Chief Engineer
at Caltech Optical Observatories. The prescription was configured and optimised
with the help of Leon Harding.

The pupil size is ∼ 4.0 mm and located at the focal length of the collimator.

This pupil, for the current GASP set up, is ∼ 59.0 mm from the face of the prism-

rhomb. This means that the minimum distance between the last element of the

collimator to the prism-rhomb centre is ∼ 100.0 mm. The off axis light rays are

in green and red. Ideally the pupil should land on the centre of the prism-rhomb

face. A consequence of this distance is that this divergence continues through the

prism-rhomb and reduces the FOV available on the TP. As it stands, the distance

from the pupil to the prism-rhomb will also result in a reduced field on the RP.

This space was created to make room for the calibration optics, see PSG, ECM

and filter wheel in Figure 4.4. It was a reasonable solution, to mount all calibration

optics on axis, when GASP was configured for APD detectors.

It was found in Figure 4.4 that the maximum FOV that could be achieved

for this configuration is ∼ 7 ′′ on the reflected path and ∼ 6 ′′ on the transmitted

path. There are cases where a larger FOV (multiple targets) must be analysed

which requires the use of differential photometry techniques. Other implications
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Figure 4.3: A Zemax prescription for the f/9 Cassegrain focus for the Hale 200
inch telescope at Palomar Observatory. This is a zoomed in view of the red box
in Figure 4.2. These extra lenses provide the means to change the f-number of the
Cassegrain focus from f/16 to f/9.

of a small FOV will result in the inability to guide on sky, or uncertainty that

the target in the GASP FOV is correct; which may not be the case if there are

unforeseen pointing errors or the need to perform any blind-offsets.

4.3.4 The Collimating Optics

A field lens, a negative concave doublet, is used to extend the distance at which

the pupil forms. It reduces the severe off axis angles entering the prism-rhomb,

and has the capability of increasing the back focal length (BFL) of the collimating

lens. For larger telescopes the focal length, and hence platescale, will always be a

limiting factor for the GASP prism-rhomb due to its size. The main purpose of

this lens is to conjugate the pupil (i.e. the collimator BFL) to the centre of the

prism-rhomb face. This allows an increase in the number of on axis rays to pass

through the prism-rhomb, and reduce off axis vignetting. A larger FOV is now

possible from the prism-rhomb and its new value is ∼ 40 ′′.

Figure 4.5 is the optical prescription for the field lens and collimating optics

used for the Palomar f/9 focus. It was discovered that a combination of two 100
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Figure 4.4: Zemax description of how the beam will not remain collimated as it
moves past the pupil position. This is an optical description for the 200 inch f/9
telescope focus, using a collimator with a focal length equal to 40 mm.

mm focal length lenses, giving an effective focal length of 50 mm, gave the best

solution to increasing the BFL and minimising any distortions in the spot diagrams

in combination with re-imaging optics (discussed later).

4.4 Final Optical Design for the P200

A description of how the light rays propagate to the detector chip is presented by

Figure 4.6 for a complete optical layout of the polarimeter, including the PSA. The

GASP prism-rhomb and Wollaston prisms have been included to inspect how well

the field lens and collimator work. It is also noted that the AOI of the prism-rhomb

was altered to that used by Collins (2012). This AOI used in this configuration

was 78.5◦, found in Table 3.2. The choice of Wollaston prism was based on what

was available in the laboratory. These are two 10 degree Wollaston prisms with a

clear aperture of ∼ 10 - 15 mm. A re-imaging lens of focal length 30 mm was used

to image the pupil onto the chip of the iXon Ultra 897. This gave an unvignetted
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Figure 4.5: Field lens solution for the GASP collimator. Two 100 mm focal length
lenses of diameter 25 mm were combined to produce a ‘single’ lens with an effective
focal length of 50 mm.

FOV of ∼ 21 ′′. There was difficulty in focusing any other lens onto the chip for

a number of reasons. The clear window in front the electronics is located 17 mm

behind the front casing in order to protect the chip from damage or dust. The

front of the detector itself proved to be quite bulky in design and the mounts

to hold the detector in place were required to be of a particular shape and size.

This provided a mechanical limitation when mounting the re-imaging lens to the

detector. The base of the detector mount was located in such a place that there

was a maximum distance in which to position the pillar mount holding the lens

tube. Therefore, this focal length was the only available option, which still gave a

good outcome for seeing limited spot sizes.

Figure 4.6 provides a more detailed representation of how light propagates

through the prism-rhomb. Light rays begin to diverge after the pupil forms. The

light rays from the transmitted path diverge through the prism-rhomb, and con-

tinue to diverge on exiting the prism-rhomb. Re-imaging systems with demagni-

fication allow the observer to obtain a reasonable FOV and match the pixel scale

to the typical seeing of the observatory. Therefore, ideally, a large diameter lens is

required to gather all this light and prevent vignetting. It is not normally possible
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Figure 4.6: Effective focal length collimator lens of 50 mm using a 30 mm lens to
re-image at the detector. The unvignetted FOV was found to be ∼ 21 ′′.

to use a fast lens with a large diameter when re-imaging. This is because of the

relationship

F =
f

D
, (4.1)

which is the f-number of the lens. It is unusual in these kinds of optical systems

to have an f-number less than 1. It is also clear that if a lens has an f-number of

1 then its focal length must equal its diameter, resulting in a lens which is quite

convex in shape. A fast lens is usually chosen because an instrument, such as

GASP, requires an optical demagnification in order to achieve a desired platescale

onto a small detector. Therefore, the beam converges with a wider (faster) angle

at the detector compared to the beam delivered by the telescope.

99



4.4.1 Optical Image Quality

4.4.1.1 Spot Diagrams

Spot diagrams are a useful way to examine the optical quality of the spot size

of a point source in the sky. In the absence of aberrations, the point source will

converge to a perfect image point. The information presented in this section will

examine the image size, and quality, of an object in the sky by ray tracing through

the GASP system. It is important to determine the quality of the available FOV

if there are multiple targets of interest in the case of science. A system is close to

the aberration-free quality level if its geometric (ray) spot doesn’t exceed the Airy

disc boundaries, however, it is important to perform other system checks such as

Encircled Energy plots; these will also be examined.

The simulated Airy Disk radius for this optical system is marked by a black

circle; it represents the diffraction limit of the system. The wavelength of choice

for this analysis is 650 nm as the majority of the targets of interest for this science

case will be observed using a filter centred at this wavelength. The RMS radius

is the root mean square spot size, and geometrical radius is the distance from the

centroid to the furthest ray intersection with the imaging surface. IMA describes

the location of the centroid on the imaging surface. OBJ describes the location of

the field points in terms of field angles Wang et al. (2011).

Table 4.1: RP1 RMS radial spot diagram values for Figure 4.7; values are in
microns and pixels.

Field 1 2 3 4 5 6 7 8 9

µm 32.77 13.35 94.29 38.05 26.47 110.51 142.40 137.88 176.65

# pixels 2.05 0.83 5.89 2.38 1.65 6.91 8.90 8.62 11.04

The general layout of a on axis spot diagram is as follows: Photons from the

origin of the system (the optical axis) are traced and hit the entrance pupil. The

size of the image is indicated as well as its position in the field. In general, on axis

spot sizes are ray traced through the centre of the optic used and this is usually

an area of the lens with the lowest curvature. The GASP instrument does not
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work this way. On each path the Wollaston prism uses the same re-imaging lens

to focus on the same detector; each beam will be off centre by the same amount

for perfect alignment. Off axis spot sizes are selected based on the size of the

FOV of the system; they are an angular distance from the optical axis. The same

alignment considerations apply to off axis as they do to on axis as two beams must

pass through one lens for the GASP instrument.

In general, the bigger the spot diagram, the worse the optics. There are a

number of other quality factors that can be determined from examination of the

spot diagrams, some of which include image focus quality, optical aberrations

inherent to the optical design of the system, vignetting, and distortion. In the

case of GASP as an imaging system, it is found that the PSF varies hugely (size

and shape) from the on axis position to off axis. These spot sizes give an indication

of the size and shape image of a point object, and this should converge to a perfect

image point in the absence of aberrations. It is clear that this is not the case for

this optical prescription. The spot sizes for each channel are found in Figures 4.7,

4.8, 4.9, and 4.10.

The airy disk is compared in each case (Airyradius ∼ 4 µm for each channel)

and all measurements are in microns. The values in Table 4.1 shows clearly that

the system is not diffraction limited for this channel, and subject to a number of

optical aberrations. The PSF appears to be subject to coma and astigmatism1 (on

TP1 and TP2) as we move off axis. Some optical distortions are also evident at

all points as the light rays generating the PSF are not radially symmetric. This

will cause magnification, and rotation distortions on the transmitted channels.

Table 4.2: RP2 RMS radial spot diagram values for Figure 4.8; values are in
microns and pixels.

Field 1 2 3 4 5 6 7 8 9

µm 138.08 52.69 69.25 83.08 14.14 22.29 120.59 46.26 67.34

# pixels 8.63 3.29 4.33 5.19 0.88 1.39 7.54 2.89 4.21

1This astigmatism caused by the prism-rhomb has been examined in detail by Collins (2012).
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Table 4.3: TP1 RMS radial spot diagram values for Figure 4.9; values are in
microns and pixels.

Field 1 2 3 4 5 6 7 8 9

µm 146.24 86.52 124.57 143.54 15.02 81.61 129.13 20.58 77.49

# pixels 9.14 5.41 7.79 8.97 0.94 5.10 8.07 1.29 4.84

Table 4.4: TP2 RMS radial spot diagram values for Figure 4.10; values are in
microns and pixels.

Field 1 2 3 4 5 6 7 8 9

µm 79.53 22.59 123.45 84.34 10.67 140.44 125.78 82.36 144.72

# pixels 4.97 1.41 7.72 5.27 0.67 8.78 7.86 5.15 9.05
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Figure 4.7: Spot sizes for the RP1 channel. The top left corner is the first field
point, and are read left to right. The values are given in microns in Table 4.1 and
the scale bar is 1000 µm. The Zemax design is optimised based on the optome-
chanical requirement of the system, but also by giving the best spot size relative
to the diffraction limit. The central image refers to the on axis PSF and the outer
spot sizes are points on the edge of square FOV of ∼ 18 × 18 ′′.
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Figure 4.8: Spot sizes for RP2 channel.
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Figure 4.9: Spot sizes for TP1 channel.

105



Figure 4.10: Spot sizes for TP2 channel.
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The values of the spot sizes summarise the limitations of the instrument in

terms of the size, and shape, of a target in 3 different field locations. There is a

considerable variation in shape between each of the on axis positions; the size of

the PSF (in pixels) does not vary greatly, except for the TP2 channel. Within each

channel, the PSF appears to have a high variability in size and shape over a small

FOV. This leads to questions regarding the variability of the optical aberrations

in the system, and distortions as a result of the optics and optical alignment.

Looking at each position in the field raises concern for the variation of the PSF.

This becomes more evident in Chapter 5.6.

The optical limit of the GASP system has a pixel scale of 0.14 ′′/pix using the

Andor iXon Ultra 897 detectors, which have a pixel size of 16 µm. Therefore, it is

shown that a target size of 1 ′′ will cover 7.14 pixels on these detectors. This gives

a clearer idea for what area these spot size will cover on these chips. An area this

size indicates over sampling of GASP, a large number of pixels for a small area of

sky.
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4.4.1.2 Encircled Energy

The size and shape of the image pattern is important for the purposes of resolv-

ing sources, however for polarimetric/photometric measurements, more valuable

information can be obtained from the encircled energy (EE) distribution of the

pattern. The encircled energy is the fraction of the total integrated flux in the

image contained within a given radius, r. Real PSFs normally have extended

wings, therefore it is good practice to examine how 80%2 of the flux is distributed

in terms of number of pixels (arcseconds). In terms of measuring a polarimetric

signal, relative flux values are measured. The following are the EE distributions

for each channel of the GASP optical system described in Figure 4.6:

Figure 4.11: Encircled Energy for the RP1 channel. The measured value on the
y axis is the fractional percentage. The Zemax design is optimised based on the
optomechanical requirement of the system. The plotted lines are colour coded for
each position in the FOV, which are indicated by the spot diagrams.

The Encircled Energy Factor measures the fraction of the total energy in the

PSF, which lies within a specified radius in the plane of observation or detection. It

is a significant image quality parameter and serves as an index of the performance

2Typically the radius of the PSF contains 80% of the encircled energy.
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of an optical system. The radial distribution of energy within the image, called

the encircled power, is a classical measure of the quality of the optical system

producing that particular image (Srisailam et al., 2001).

It can be found that there is a large variation in each field position for how

many microns contain 80% of the flux. This is consistent with the results found

when measuring the spot sizes. The same concern is also found when analysing

between channels. The on axis image point shape and size is changing between

channels, and the optical aberrations (and distortions) are also inconsistent be-

tween channels.

Figure 4.12: Encircled Energy for RP2 channel.
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Figure 4.13: Encircled Energy for TP1 channel.

Figure 4.14: Encircled Energy for TP2 channel.
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An analysis of the spot sizes give a reasonable idea of how the distortion varies,

and hence the shape of the PSF, it is also valuable to examine how many pixels

contain ∼ 80% of the flux. The results from this optical design indicate that there

is the possibility that there will be difficulties when each channel must be matched,

by performing a pixel-by-pixel registration. This will be explained in more detail

in Section 5.8.

4.5 Pixel Scale and FOV Overlap

A factor when designing any instrument is how well the PSF is sampled, which

is largely dependent on the detector pixel size, and also the optics chosen. It has

already been explained that GASP is oversampled as an imaging instrument. This

is a very difficult problem to solve optically. There are 2 main reasons that make

this an issue for the GASP PSA:

1. The pixel size of 16 µm on the Andor iXon Ultra 897 EMCCDs, see Appendix

E.

2. The size of the focal length of the 200 inch telescope at Palomar. The focal

length of the telescope scales with mirror diameter; larger diameters are

necessary for imaging fainter targets.

A pixel scale of 0.14 ′′/pix was obtained based on the design in Figure 4.6, and

that is the limit (optically) for GASP for the iXon Ultra 897s. The size of the

lens used to re-image appears to be causing problems due to its focal length and

curvature. The light beams that exit the Wollaston prisms strike the lens, not

through the centre of the lens, but either side of centre where there is significant

curvature.

The re-imaging lens will determine what angular size Wollaston prism is needed

in order to avoid image overlap on the chip. A short focal length, fast lens, is

generally used to re-image the beam to get demagnification of the focal plane onto

a small detector. This usually leads to using lenses that are quite round in shape,

as there will be a large surface curvature for fast lenses. The relationship between

the re-imaging lens and the Wollaston prism must be accounted for to ensure that
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both beams pass through a sensible area of the lens. This could lead to light loss if

the separation is too great and overlapping if the separation is not large enough. It

could also cause image distortion depending on lens type and optics combinations.

The final layout employed at the P200 can be found in Figure 4.15. This is an

image of GASP mounted to the telescope at Cass f/9 focus. The beam is delivered

to the polarimeter through a shutter, which is obscured from view in this image,

and passed to the GASP PSA where 4 beams are imaged by 2 Andor iXon Ultra

897 EMCCDs.
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Figure 4.15: The GASP layout while mounted to the Cass f/9 focus of the P200.
The image indicates the GASP Fresnel rhomb beamsplitter and detectors used for
science and guiding. Calibration optics and filter wheel can be seen in the top
section of the image, and the blue tubing was used for cooling of the iXon Ultra
EMCCDs.
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Chapter 5

Instrument Calibration & Results

An overview of the difficulties in the calibration of astronomical polarimeters is

presented. A description of Mueller polarimetry is discussed as this will be become

the basis in the development of the Eigenvalue Calibration Method for GASP.

The implementation of the Polarisation State Generator built for GASP is also

discussed.

The second half of this chapter presents a detailed description of a new analysis

technique for GASP applying the ECM on calibration data obtained using two

different optical and detector set ups. The first uses Avalanche Photodiodes where

the light is fed to the detectors by optical fibres; this is based on the description

discussed in Section 4.2. This data analysis was a bench result and will not be

discussed in terms of observational results, but as an analysis of the use of the

ECM for calibrating GASP. Lastly, an analysis concept is proposed for GASP as

an imaging polarimeter and verification results are presented. The data presented

in this chapter provides a calibration result that can be applied to observational

results, which will be discussed in Chapter 6.

5.1 Difficulties in Calibrating Astronomical Po-

larimeters

A polarimeter is described as ‘complete’ when the PSG and the polarimeter can

generate and measure the four states of polarisation of light. The calibration of a

polarimetric tool is a two-step process. The optical elements of the system must
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be precisely orientated with very careful alignment and the behaviour of these

optical elements must be easily described and characterised by physical properties

(Compain et al., 1999). Therefore, the combination of several measurements in

different configurations to determine the main values and shortcomings. Any op-

tical element that has not been fully characterised in the light path, can introduce

modifications to the state of polarisation of light.

The behaviour of any optical or electronic device can be distorted by first-order

failures, as in the case of a photoelastic modulator (Drevillon, 1993). Therefore,

several measurements must be combined in a number of different configurations

to determine the main values and the shortcomings. The optical set-up is then

adapted to account for these measurements. These aspects of the calibration

process have already been reviewed in the literature (Hauge, 1978; Thompson

et al., 1980; Azzam and Lopez, 1989). Furthermore, one can notice that usual

calibration procedures are difficult to implement in situ because of the influence

of the optical elements that are necessarily included in the light path (filters,

windows, lenses, mirrors, etc.) All these elements can induce modifications of the

state of polarisation of light.

5.2 Mueller Polarimetry

Polarised light is represented by a Stokes vector, invented by G. G. Stokes in 1852

(Shurcliff and Stanley, 1964; Hecht, 1987; Born and Wolf, 1999). This is simply, a

set of 4 numbers and it is described by,

S =


I

Q

U

V

 =


I

I0 − I90
I45 − I−45
IRC − ILC

 . (5.1)

I is the intensity of the light beam, and I0, I90, I45, and I−45 are the light

intensities for the linearly polarised light at 0◦, 90◦, 45◦, and -45◦, respectively. IRC

and ILC are the intensities of right- and left-circularly polarised light, respectively

(Tompkins and Irene, 2005).

Light of any polarisation state may be represented by a Stokes vector. It
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applies equally well to polarised, partially polarised and unpolarised light. It is

the simplest method of predicting the result of adding two incoherent beams, and

it also provides a simple numerical method of predicting how a beam is affected by

the insertion of a polariser or a retarder. The Mueller matrix MM of any sample

can be found from the linear relationship

Sout = MMSin, (5.2)

where Sin and Sout are, respectively, the Stokes vectors of light entering and

exiting the sample (Shurcliff and Stanley, 1964; Collett, 1993).

The linear interaction of light with a sample is described by the 4 × 4 Mueller

matrix of that sample (Compain et al., 1999). The overall matrix M, of an opti-

cal system is the product of all the Mueller matrices for the components of that

system. This matrix, M, can then be used to find the resultant Stokes vector of

the incoming light. The can be seen in Equation 5.3.

M = MMnMMn−1.......M2M1. (5.3)

Mueller matrices are a very important tool in the laboratory and will be used

in more detail in Section 5.5. The simplest optical element that can be represented

by a Mueller matrix is the Identity matrix Id. Other such examples can be found

from (Shurcliff and Stanley, 1964). Only two types of Mueller matrices that have

perfectly known theoretical forms (Compain et al., 1999), which will be used in

this thesis and these are called reference samples. One such element is a linear po-

lariser P(τ, θ), where θ is the orientation of the polariser and τ is the transmission

coefficient:

P(τ, 0) =
τ

2


1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0

 . (5.4)

Other Mueller matrices may be found by the following relationship (Compain

et al., 1999; Tompkins and Irene, 2005):
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P(τ, θ) = Rot(θ)P(τ, 0)Rot(−θ). (5.5)

A similar notation has been used here to that by (Lara Saucedo, 2005), where

Rot(θ) is represented by the following matrix:

Rot(θ) =


1 0 0 0

0 cos(2θ) − sin(2θ) 0

0 sin(2θ) cos(2θ) 0

0 0 0 1

 , (5.6)

where θ is the azimuthal angle in degrees. The calibration method that will be

described in 5.5 uses the following Mueller matrix for a dichroic-retarder to model

the samples used:

MDR(τ, ψ, δ) = τ


1 −cos(2ψ) 0 0

−cos(2ψ) 1 0 0

0 0 sin(2ψ) cos(2δ) sin(2ψ) sin(2δ)

0 0 − sin(2ψ) sin(2δ) sin(2ψ) cos(2δ)

 ,

(5.7)

where ψ and δ correspond to the usual ellipsometric angles related to the Fresnel

coefficients. ψ refers to a partially polarising effect, and δ to a retardance (or phase-

shifting) effect due to a reflection off a surface, τ is the intensity transmittance (or

reflectance) for non-polarised light.

The eigenvalues of MDR(τ, ψ, δ) are, (l1, l2, l3, l3) (Lara Saucedo, 2005) and

can be determined from the solutions of the characteristic polynomial equation,

which are as follows:

l1 = 2τ sin2(ψ) (5.8a)

l2 = 2τ cos2(ψ) (5.8b)

l3 = τ sin(2ψ) exp(iδ) (5.8c)

l4 = τ sin(2ψ) exp(−iδ). (5.8d)
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5.3 The Polarisation State Generator

In order to calibrate a polarimeter of this nature a polarisation state generator

(PSG) is required. Its purpose is to generate different states of polarisation to

interact with the chosen samples for calibration. The PSG developed for GASP

was based on a simple calibration method described in Section 5.4. During the

initial design stages of the instrument for this thesis, the PSG was mechanically

designed for this method. Light was generated with a Warm White Thorlabs LED

with a normalised intensity curve for ∼ 400 - 750 nm, which can be found in Figure

5.1.

Figure 5.1: An Intensity Spectrum Curve for a Warm White LED sourced from
Thorlabs (Tho, b).

There is a variation across the working bandwidth showing that the ideal

throughput for alignment and calibration is in the range 600 - 700 nm, which

was the optimised design range for the PSA, and for science objective of GASP.

The LED had a max power output of 500 mW which that it suitable for alignment

and calibration.

The first element of the GASP PSG consisted of a linear polariser mounted
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in a rotatory mechanical stage controlled by LabVIEW software on a motorised

stage, also controlled by LabVIEW. The second element was a quarter-wave plate

(QWP) with its fast axis aligned at 0◦.

The linear polariser was anti-reflective (AR) coated with a visible range of

400 - 700 nm with a high extinction ratio (minimum of 1000:1). These types of

polarisers are subject to birefringence when under stress. This was minimised

by using a stress free retaining ring when housed. This polariser was sourced at

Thorlabs; Figure 5.2 is a description of the transmission and extinction ratio of

the polariser over a similar wavelength range as the LED.

Figure 5.2: Transmission and extinction ratio specifications for a linear polariser
from Thorlabs for a range 450 - 800 nm (Tho, a).

The QWP was AR zero-order achromatic wave plate with a visible range of

400 - 800 nm. Due to the high cost of the QWP, and for mechanical compatibility

with the rest of the system, a mounted QWP with diameter 25.4 mm was chosen.

Both the linear polariser and QWP were Thorlabs products.

The QWP is aligned in the laboratory with its fast axis at 0◦. Both the linear

polariser and QWP share the same mounting assembly and move in and out of
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the LED beam in opposite directions. The QWP is centred with respect to the

linear polariser on the bench using the same LED used for instrument alignment.

The linear polariser is rotated from its known “home position”from 0◦ to 171.36◦

in increments of 10.08◦, according to the stepper motor in which the polariser is

housed. The home position, in the case of the linear polariser, has been measured

to be ∼ -38.8◦, however, this is not a necessary step in the ECM, which will be

explained in Section 5.5. The polariser is rotated in the same way for when the

QWP is in position to generate elliptical polarisation states.

5.4 The Moore-Penrose Pseudoinverse

In the developing stages of the GASP instrument a pseudo-inverse method was

used to determine the system matrix during calibration. This used for a least

squares problem presented by the data generated from using an over-determined

PSG.

5.4.1 Definition

Here we define the notion of a Moore-Penrose pseudo-inverse, or Generalised In-

verse, and consider its uniqueness. Let m, n ∈ N and let A ∈ matrix (C, m , n) be

an m × n matrix (not necessarily a square matrix). A matrix B ∈ matrix (C, m

, n) is said to be a generalised inverse, or a pseudo-inverse, of A if it satisfies the

following conditions:

1. ABA = A

2. BAB = B

If A ∈ matrix (C, n) is a non-singular square matrix, its inverse A1 satisfies

trivially the defining properties of the generalised inverse above. The idea of

Moore-Penrose pseudo-inverse was introduced by E. H. Moore (H., 1920) in 1920

and rediscovered by R. Penrose (A., 1955, 1956) in 1955. The Moore-Penrose

pseudo-inverse is a useful concept in dealing with issues in optimisation, as the

determination of a “least squares”solution of linear systems. A mathematical

description of this method can be found in Appendix B.
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5.5 The Eigenvalue Calibration Method

A Mueller matrix polarimeter comprises of a PSG, see Section 5.3, which produces

a suitable basis set of Sin. A PSA, see Section 3.2.1, determines Sout by measuring

the PSG over another set of a least 4 basis states (de Martino, 2004).

The main difficulties encountered while calibrating any polarimeter have been

described in Section 5.1. The ECM sets out to eliminate/minimise the main sources

of error generally associated with calibration. Three characteristic matrices are

described, W for the entrance arm (PSG), A for the exit arm (polarimeter), and

M, the Mueller matrix of the sample. The PSG for the GASP design has been

modified to that described by Compain et al. (1999). This was based on a previous

calibration method discussed in Section 5.4. The PSG, therefore, was not modified

for ease of mechanical design. A measurement of

I = AMW (5.9)

is the basis of the ECM making use of linear algebra.

The ECM has the following advantages (Compain et al., 1999):

1. No assumption is made to the system to be calibrated - except that it must

be complete. The precise orientation and position of the various elements

that comprise the polarimeter do not need to be known for calibration. All

optical elements are included in the matrix representation.

2. The characteristics of the reference samples are completely determined dur-

ing the calibration without need for secondary measurements. All aspects of

the sample are measured during the ECM. W and A, when measured, will

be a function of the wavelength λ, as will the defining characteristics of the

reference samples.

3. The accuracy of the calibration procedure can be evaluated when the ECM

is used.

Therefore, according to the above points, the Stokes vectors for the PSG used

by GASP does not need to be known prior to calibrating the instrument. It is in

fact calculated during the calibration process using Equation 5.9.
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The general form for the matrices A and W are n × 4 and 4 × m, respectively,

where n and m are greater than 4. n > 4 mean that more than four input Stokes

vectors are generated, and m > 4 means that the output Stokes vectors are over-

determined. This is the case for GASP. The ECM is fully compatible with other

size matrices and the dimensions of the intermediate matrices must be adapted

(Compain et al., 1999).

5.5.1 Mathematical Description

The following description is based on the work by (Compain et al., 1999) and

references methods and naming conventions used by (de Martino, 2004) and (Lara

Saucedo, 2005).

A linear mapping is described by

H4 : M(R)→M4(R),

X →MX −X(aw)−1(amw).
(5.10)

M is the Mueller matrix of the reference sample and (amw) corresponds to

experimental measurements. H has the property of having W within its null space,

i.e.,

H(W) = 0, (5.11)

whatever the value of M, because without experimental errors (aw)−1(amw)

is equal to W−1MW. A well chosen set of reference samples for {Mi....Mn} can

reduce the number of solutions to Equation 5.11 to one. And then A can be

deduced from the following:

A = (aw)W−1. (5.12)

The chosen reference samples for GASP are based on the work carried out by

(de Martino, 2004) and (Lara Saucedo, 2005) and are discussed in detail by these

references. A mathematical solution to this method can be found in Appendix C.
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5.6 Calibrating GASP

When analysing the results of the ECM, the following equation is used to nor-

malise the system matrix to the first element of the theoretical PSA. This gives

a better understanding of any variation in the 16 coefficients, and a comparison

between the individual coefficients. The experimental matrix is calculated based

on intensity values and it is difficult to interpret the variation in the coefficients

without normalisation.

Anorm,i =
AiPSA(1, 1)

Ai(1, 1)
. (5.13)

The calibration method used has been discussed, mathematically, in Section

5.5.1. Calibration data is acquired as follows:

• Input light is generated using an LED, a filter and a linear polariser.

• An ECM wheel contains a set of samples, AIR, a polariser at 0◦, a polariser

at 90◦ and a quarter-wave plate at 30◦.

• The polarimeter output intensities are recorded for a set of angles ranging

from -38◦ to -209.36◦ in -10.08◦ increments for each of the above samples,

and is repeated using a quarter-wave plate (QWP) place in front of the linear

polariser. Though of course, as has been explained above, it is not necessary

to know what these angle are, as long as the same process is repeated for the

QWP.

• These intensities are used to extract a system matrix, A and Polarisation

State Generator (PSG), W.

5.7 ECM with Avalanche Photodiodes

The procedure for gathering data using this detector set up is carried out using the

description in the above Introduction. Each APD unit has a dark count, which

is measured by the manufacturing company, though it is important to monitor

this signal regularly for any changes over time. A background light signal is also
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recorded using the remaining 4 fibres (not centred on the target field). The dark

counts are removed from the target and background signals, and finally the back-

ground light is subtracted from the target to remove any reflections or stray light

due to any leakage in the instrument. The calibration arm is located on axis, where

the light from the collimated LED is mounted external to the main instrument.

The data recorded to experimentally measure polarisation in the laboratory uses

the same light source, located on the same axis.

The data presented here will discuss the system matrix obtained using GASP

as a bench instrument. Some data will also be presented showing how well the

ECM performed by using GASP to measure the polarisation of a continuous signal

for both polarised and ‘unpolarised’ data.

5.7.1 ECM Results

This section presents a detailed description of how the ECM is applied using

Avalanche Photodiodes, where the light is fed to the detectors by optical fibres.

This laboratory results demonstrates how well the ECM works and how GASP

can be used to measure a polarimetric signal. This result was a bench result and

will not be discussed in terms of observational results, but as an analysis of the

use of the ECM (described above) for calibrating GASP.

A set of calibration data was recorded, using APDs, in the laboratory dated

July 2011 and an experimental system matrix, A, shown by..

A =


0.1766 −0.0901 0.1571 0.0042

0.4983 −0.2010 −0.4419 0.0113

0.4992 0.2503 0.1167 −0.4058

0.3813 0.1826 −0.0535 0.3229

 . (5.14)

which can be compared to the theoretical PSA,

PSA =


0.1766 −0.0858 0.1544 0

0.1766 −0.0858 −0.1544 0

0.2176 0.1078 0.0008 −0.1890

0.2176 0.1078 −0.0008 0.1890

 . (5.15)
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In the absence of errors, these matrices should match. The matrix is divided

into 4 rows. The first 2 rows represent both RP channels, and the second 2

rows are each of the TP channels. Of course, the order of these channels within

each path depend on the experimental optical alignment. The first column of the

system matrix (and the PSA) represents the gain of the 4 channels of the DOAP,

which also includes the gain of each detector. In the discussion comparing each

experimental matrix, it will be focused on the gain parameter. This gives the

most information regarding the system alignment. The other coefficients are very

important, particularly how they are distributed in each row and how their value

compares to the PSA; this has been addressed in Section 3.2.1.

The gain of the APDs are a factor in the matrix found in Equation 5.14. The

difference in the values in the first column are an indication of these gain variations.

There are obvious similarities between A and PSA. Reasons for why these values

are not matching exactly are as follows:

• The AOI is not what has been theoretically described.

• Detector gains are assumed to be unity in the theoretical model, this is rarely

the case experimentally. Relative gain variation observed in the experimental

matrix will be largely due to differences in detector gain values.

• The Wollaston/Foster prisms are aligned at an integer value of 45◦.

• The Wollaston/Foster prisms are not aligned at 45◦ exactly.

• Temperature/pressure variations, which could cause glass contraction/expansion.

If this is not uniform across all channels it could result in a change of focus,

light losses, incorrect relative gain measurements. This experimentation was

beyond the scope of this thesis work1.

• Errors in lens focusing.

1The temperature has been recorded using an ordinary alcohol thermometer placed in the
instrument. The temperature variation was never found to vary any more than 0.5◦ and no
systematic was noted in data measurements.
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5.7.2 Polarimetric Results

The following results have been presented at the Frontiers in Optics Conference,

which took place in San Jose CA., 2011 (Kyne et al., 2011). The system matrix A,

was used on another data set to produce plots for each of the Stokes parameters for

a polarised light source using an LED passed through a glass polariser (Sodium-

Silicate glass) and data was recorded for ∼ 48 hours. This was a test to see how

much variation GASP was subject to over a very long time frame. It was also a

check for detector stability as the choice of APD for this system was discovered

to be unsuitable in terms of dark counts and electronic noise. The performance of

detectors for GASP, and their stability over time was not the work of this thesis.

These detectors are used purely for laboratory testing in the context of this work.

Figure 5.3: Stokes parameters I, Q, U, and V for an experiment passing LED
light through a linear polariser to measure the limits of the GASP system using
APDs. The Q, U, and V parameters have been normalised to Stokes I to remove
any fluctuations in luminosity. A systematic effect is observed on Stokes Q and
U, the parameters used to the measurement of the degree of linear polarisation.
A different trend is found for V, which suggests an instrumental effect for this
laboratory experiment.
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The parameters Q, U, and V have been normalised to Stokes I to remove any

intensity variations over the course of the experiment. A trend is observed in

Stokes I; there is a drop in light intensity, which is most likely a result of intensity

variation in the LED used over the 48 hour period. In Stokes Q, U, and V, there

is evidence of systematic error, as well as random, over this period.

The mean and standard deviation in the values for Q, U, and V are 0.212

± 0.003, -0.950 ± 0.002, and 0.015 ± 0.004, respectively. The standard deviation

value is quoted after normalisation, however, there is a visible trend in each of these

parameters that suggests a systematic change in the data. This is a possibility as

during the experiment a linear polariser was used to generate a polarised signal.

The systematic effect shows a drop in value at time point ∼ 38 (∼ 18.5 hours) for

all Q, U, and V. If the polariser moved, and the movement was not symmetric,

then this could induce/reduce linear/circular polarisation. It would also account

for the change in polarisation angle seen in Figure 5.4. This systematic error means

that the errors quoted for this data set are higher than the random noise, which

is visible in this plot.

This systematic error could occur due to the nature of the polariser material.

This will be subject to stresses and imperfections over time, and it is possible

that the material could also exhibit birefringent properties as a result. Potential

reasons for this systematic effect could result from temperature variation causing

contraction/expansion of the polariser; the polariser is assumed to be static, this

may not have been the case. If the polariser moves during the experiment then

not only could polarisation be induced, but any change in angle could also be

measured.

This material will be subject to stresses and imperfections over time, and it

is possible that the material could also exhibit birefringent properties as a result.

Potential reasons for this systematic effect could result from temperature variation

causing contraction/expansion of the polariser; the polariser is assumed to be

static, this may not have been the case.

Over the time series the mean DOLP was measured to be 97.66 ± 0.21%, and

the DOCP 0.72 ± 0.36%. This is a promising result that indicates GASP has the

ability to measure small variations in the linear polarisation error as it fluctuates

by about 0.2% over a time series of this duration. The errors quoted are from a
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combined systematic and random effect and are within very reasonable limits for

a linearly polarised signal.
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Figure 5.4: Polarisation angle measurement for an experiment passing LED light
through a linear polariser to measure the limits of the GASP system using APDs.
The drop, and variation, in Stokes Q and U is observed in this plot. There is a
variation of 0.5◦ from beginning to end, which suggests that the polariser is moving.
This is not a random effect and over a prolonged period (2 days) it is possible that
there was movement in the laboratory, or in the vicinity of the instrument, that
could account for this variation.

The polarisation angle of the data set was also measured. This is the azimuthal

angle of the linear polariser when placed in the optical axis of GASP. The PA

was measured prior to the laboratory experiment; this had a value of ∼ -38.5◦.

Looking at the plot in Figure 5.6 an angle of -38.99 ± 0.19◦ was measured by the

GASP ECM. Again, the ECM has measured the PA to a level of 0.2◦, another

notable aspect of the ECM performance using GASP. These errors will include

any instrumental polarisation effects2.

2A more precise way to measure instrumental polarisation is to use an absolute known polar-
isation standard (in the laboratory or during observational experiments), this way GASP can be
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There is variation over the time series ranging over 0.5◦. The structure holding

the linear polariser was examined and it is very possible that the linear polariser

was subject to some movement or wobble within the structure. If this is the case,

then the ECM is actually capable of measuring this wobble. If the variation in

the polarisation angle is examined on a shorter time scale - in an area where the

systematic effect is reduced, or absent - the variation is less than 0.1◦. It is a very

interesting result and a good indication that GASP is working correctly; it also

illustrates the capability of GASP to detector fluctuations in the polarisation angle

to a level of ± 0.1◦. When light of a given polarisation state is passed through the

system the output for DOLP, PA, and DOCP is very close to what is expected.

Table 5.1 summarises the results of this experiment.

There may also be errors present due to instrumental polarisation effects3,

however, this is difficult to measure due to the presence of this systematic. One of

the primary aspects of using the ECM is to reduce error in optical misalignment

of the instrument. It is not capable of removing instrumental polarisation from

telescope optics, or atmospheric conditions during observing conditions. The raw

intensity data for each of the 4 channels is plotted in Figure 5.5. The drop in

Stokes I found in Figure 5.3 can also be found across all 4 channels; an indication

that the LED light level has changed during the experiment.

Table 5.1: Linear polariser laboratory experiment using APD detectors to test the
GASP ECM.

DOLP (%) PA (◦) DOCP (%)

Expected 100 -38.5 0

LP experiment 97.66 ± 0.21 -38.99 ± 0.19 0.72 ± 0.36

Another experiment carried out using APD detectors was to establish whether

compared to an expected result; relying on polarisers in the laboratory for absolutes is not an
ideal experiment.

3A more precise way to measure instrumental polarisation is to use an absolute known polar-
isation standard (in the laboratory or during observational experiments), this way GASP can be
compared to an expected result; relying on polarisers in the laboratory for absolutes is not an
ideal experiment.
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Figure 5.5: Raw intensity data for each of the 4 channels for an experiment passing
LED light through a linear polariser to measure the limits of the GASP system
using APDs. A drop in light intensity is evident across all channels indicating that
the LED light level dropped during the experiment. This is also found in the plot
for Stokes I in Figure 5.3.

GASP could make an accurate measurement of an unpolarised source. An un-

polarised source is very difficult to produce in a laboratory environment and this

experiment was without the use of an integrating sphere4. The same system ma-

trix was used to reconstruct the Stokes parameters of this data as that used for

the polarised data.

In this case, the LED used in the first experiment was used as an input polari-

sation state, assuming the output to be unpolarised light. The mean and standard

deviation values for Q, U, and V are -0.0134 ± 0.0002, -0.0349 ± 0.0001, and 0.0203

± 0.0001, respectively. Over the time series the mean DOLP was measured to be

3.74 ± 0.01%, and the DOCP 2.03 ± 0.01%. This is a more or less inconclusive

result without the expected values for DOLP and DOCP from the specifications

4An integrating sphere uses the idea of scattering light an infinite number of times within the
sphere until the light is ‘mixed’ in such a way that the light exiting the sphere is unpolarised.
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Figure 5.6: Stokes parameters for an experiment passing light from an LED source
through GASP to measure the limits of the GASP system for an ‘unpolarised’ using
APDs.

of the LED manufacturer. However, it is a result that can be analysed as follows:

The result of the ECM concludes that GASP is working within the theoretical

limits established by the DOAP design, accepting that the optical alignment of

the PSA does not need to match exactly. An experimental measurement of a linear

polarisation state is measured within the limits of the expected values. The LED

is an incoherent light source that should be capable of producing polarised light. If

the results from the linear polariser test are considered a standard measurement,

then it can be concluded that the values measured by the ECM are in fact correct

for this LED.

It should be noted that there is drop off in Stokes I at the beginning of the

time series. There are a number of reasons for this drop in intensity, however, most

likely, the reason is that the LED used was not perfectly stable at the beginning of

the experiment, producing a steady signal after ∼ 5 seconds. As GASP measures

a relative signal this has no impact on the final Stokes measurement; however, this

drop in intensity is very low, of the order 10−3. It should also be noted that during
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this experiment no material capable of movement is being used. This is evident

from the plots in Figure 5.6 where there is no obvious systematic trend, and the

errors are due to random noise effects. Table 5.2 summarises the results of this

experiment.

Table 5.2: Unpolarised source laboratory experiment using APD detectors to test
the GASP ECM.

DOLP (%) PA (o◦) DOCP (%)

Expected 0 - 0

‘ZERO POL’ ex-
periment

3.74 ± 0.01 NA 2.03 ± 0.01

The polarimetric results obtained for an 8-detector APD instrument using a

linear polariser show, quantitatively, that GASP is a working polarimeter to a high

degree of accuracy; measuring both percentage polarisation (0.2%) and polarisa-

tion angle (0.2◦). The instrument has been calibrated and this is confirmed by the

Stokes reduction. A factor that must be considered, through rigorous alignment,

is to ensure that the optical axis of the instrument matches that of the telescope.

This includes matching the height of all optical elements to a central point where

the instrument is mounted, and ensuring that all light is incident at 90◦ (where

light from the telescope does not travel through any optics off axis).

The results from the polarimetric test using an LED as an unpolarised sources

are less conclusive. As there was no integrating sphere available in the laboratory,

an LED was used with a diffuser and R Band filter. It is possible that the value

of the DOLP for this LED is 3.74 ± 0.01%, however, there is no information in

the manufacturer specifications, or literature, that confirm the polarimetric results

produced with GASP.

It is difficult to measure the degree of linear polarisation at the extremes of

its range (0 - 100%), particularly at the minimum value. This is due to a weakly

polarised signal, which can be contaminated by scattered light, low SNR, poor

seeing, and poor atmospheric conditions.

Due to insufficient laboratory testing of APDs, it was not possible to run veri-
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fication tests on a set of calibration data. Verification testing on calibration data

will be examined later in this chapter for GASP as an imaging polarimeter.

5.8 Pixel-by-Pixel ECM using Imaging Detec-

tors

A pixel-by-pixel method of analysis, will be presented in this section using GASP

as an imaging polarimeter. The results of this method will be discussed for data

recorded at the 200 inch Hale telescope at Palomar Observatory. The observational

data recorded will be presented in Chapter 6, with analysis and discussion of the

imaging results based on the work presented in these sections to follow. Two

methods for registering the calibration data will be discussed in this chapter. Each

method will be developed as follows:

1. The techniques used to perform registration and their errors.

2. Registration results in the form of residual errors.

3. The polarimetric results of the ECM through a pixel-by-pixel analysis.

Tyo et al. (2006) explains how image registration, whether for sequential or

simultaneous image collection, is a critical issue. misregistration can result, for

example, from separate focal planes that are not looking at the same region of

space; it can also result in beam wander from a rotating element. Smith et al.

(1999) have suggested that images should be registered to 1/20 of a pixel to achieve

less than 0.01 error in DOLP and DOCP results. In Figure 5.7, the authors plot

the maximum values of induced DOLP and DOCP as a function of beam wander

magnitude. The errors for both 180◦ and 360◦ wander are shown. It was found that

both DOLP and DOCP increase rapidly as the beam wander diameter increases.

This was a technique applied to a dual-beam polarimeter used by the authors, and

in the case of GASP this is a error guideline.

Ideally, the alignment should be mechanical. In practice, achieving even a half-

pixel alignment mechanically can be difficult - of course this will be dependent on

the pixel size of the detector - and software post-processing alignment is frequently
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necessary. Registration between the channels also includes matching transmission,

magnification, and distortion; and is a difficult process, even using post-processing

techniques.

Figure 5.7: Maximum magnitudes of DOLP and DOCP for a square test image.
Solid line is for 360◦ image wander, dashed line is for 180◦ image wander. The
angle of rotation refer to a retarder that is rotated in the beam and induces image
wander.

Analysis of the image residuals are a good indication of how well the image

sections are registered and hence calibrated. This shows how well the pixels are

matched by normalising the input image to the reference image. Equation 5.16,

(Ibez et al., 2003), is used to find the normalised flux, Inew,

Inew = (I− Imin)

(
Rmax − Rmin

Imax − Imin

)
+ Rmin, (5.16)

where I is the original flux value, and Rmax and Rmin are the maximum and

minimum values are the maximum and minimum values of the reference image

used for registration. This way, it is certain that the maximum and minimum

values in the input image are matched and scaled accordingly. It is noted that

this method of normalisation is best suited when comparing a source, which has a

sharp, defined PSF, compared to extended fields.

According to Tyo (2006), to measure the Stokes parameters in an image, the

optical intensity must be modulated in time, space, or spectral characteristics and

multiple measurements must be made on a pixel-by-pixel basis across the scene.

Most existing imaging polarimetry strategies generally suffer from either spatial

or temporal misregistration. To avoid the complications of misregistration, these
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analyses/strategies have severe restrictions placed on the spectral properties of the

illumination and/or optical system.

Tyo et al. (2006) discusses the manipulation of polarimetric data reduction for

the same pixel across multiple frames. Any motion of the scene in the pixel results

in artefacts that have the potential to mask the true polarisation signal. Ideally,

two spatial dimensions are desired, but due to this temporal image registration is-

sue, the images must be acquired simultaneously or acquired as quickly as possible

to minimise artefacts from platform or scene motion. This is not an issue for GASP

as it uses the technique of DOAP that provides the best solution for eliminating

these artefacts by the acquisition of multiple images at the same time, however,

the issue then becomes spatial registration. Spatial registration of multiple images

is complicated by the need to correct for both mechanical misalignment as well as

optical ‘misalignment’ arising from aberrations due to separate optical paths. The

simplest way to measure the polarisation information is to use separate cameras

with separate optics that are aligned to the same portion of the image. This can

be done using 2 or 4 imaging detectors, however, they must be matched spatially

once data is recorded.

GASP is calibrated using a pixel-by-pixel ECM, to establish a uniform calibra-

tion which will discussed later in this chapter. Errors in focus, image registration,

and gain variation can contribute to a non-uniform FOV calibration; if this is the

case, then it will not be possible to spatially recover the target’s Stokes parameters

correctly, or in any case it will limit the FOV over which the calibration is valid.

It is important to establish a uniformly calibrated field for situations when the

science goal requires multiple targets in the FOV, or to measure spatial variability

in the target. This can be compared to the case when using single photon detectors

(1D detector) such as a PMT or APD. In this case, one pixel must be calibrated

as all light in the FOV will fall on this pixel. In the case of imaging, the light is

divided over multiple pixels, which is dependent on the sampling and sensitivity

of the instrument. As the incoming light beam is split 4 ways, every pixel on one

channel must be matched to the remaining 3; therefore a pixel-by-pixel ECM will

measure how well this matching has been performed, determining how well the

system is calibrated.
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If all 4 channels are well registered polarimetric information may be gathered

pixel-by-pixel, or using aperture photometry, which measures the flux of an as-

tronomical target. A pixel-by-pixel analysis is the preferred method of analysis

when calibrating imaging polarimeters, particularly when there is division of the

incoming beam. This is because each pixel can have different properties, such as

gain or noise, or the detector chip may contain dead or saturated pixels (no useful

information is gathered). Therefore, by calibrating pixel-by-pixel, these issues can

be accounted for, and are able to assess the response of each individual detector

(each individual pixel). Averaging over a number of pixels can help to reduce

detector variations, however, this will lead to the loss of polarimetric resolution.

5.9 ECM Image Registration using Artefacts

GASP calibration data consists of 10 images for every polarisation state of the

PSG through each of the ECM samples (described in Section 5.6): This results

in 144 images recorded for each path. A single image from each channel can be

found in Figure 5.8. Mechanically, the calibration arm is located off axis to the

optical axis of the instrument. A plane mirror at 45◦ is used to redirect the light

into the instrument. The process of matching the optical axis of the calibration

arm and the optical axis of the instrument is addressed in the laboratory. A

resolution target, or a target containing multiple, randomly placed, pinholes can

be placed at the instrument focus to map the spatial variability between each

of the 4 channels. Alternatively, a light source can be placed along the GASP

optical axis, which can then be matched to the off axis calibration beam. Finally,

during observations the telescope can be pointed at a crowded star field to compare

with the on axis laboratory results. Ideally, if observation time allows, the same

target can be placed at focus during twilight as the sun rises, to better compare

with the laboratory configuration. This was not an instrument restriction when

using APDs. The calibration and laboratory experiments were recorded on the

same optical axis, and there was also no need for spatial matching between the 4

channels.

During the observational run at the P200, there were less than ideal observing

conditions on 3 out of 4 allocated nights. This limited GASP observing time and a
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spatial channel comparison was not possible. The instrument was also inaccessible

during observing. Closer inspection of the observational data indicated that there

were minor disparities in the form of artefacts: these artefacts were a means of

matching the calibration channel of RP1 to the remaining 3 channels, RP2, TP1,

and TP2, including their subsequent science channels. RP1 was chosen as the

reference image for all registration routines.

Figure 5.8: All GASP channels for a full frame calibration image. Top LHS: RP1,
top RHS: RP2, bottom LHS: TP1 and bottom RHS: TP2.

These artefacts were located in the usable, non-vignetted FOV of the instru-

ment and can be found in Figure 5.9. They are common to all channels, though,

as there was some vignetting on the TP channel images, there are less artefacts

visible. Due to the fact that it is possible to locate a number of artefacts common

to all channels it suggests that they are in fact scratch marks, indentations, or

manufacturing defects on the field lens, discussed in Section 4.3.4. It can be as-

sumed that these artefacts pass through the polarimeter, re-imaged by the detector

lenses. These artefacts are useful points to perform image registration as they are

almost ‘built-in’ to the instrument. The artefacts look well focused on each of the
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RP images, and less so on one of the TP channels - TP2. This indicates misalign-

ment in focusing the TP channel lens when re-imaging onto the detector chip. The

basis of this assumption is that, for example, looking at the image artefact at the

top centre of RP1, which resembles an inverted ‘L’: This point appears on RP2,

TP1, and TP2. If this point appears in all 4 channels then it must be imaged from

the same point in the optical path, i.e. it is a single conjugate point to the imaged

artefact. This is true for all common artefacts between channels. If this point is

out of focus on one or more channels, it is a result of incorrect alignment and/or

focusing of the imaging optics.

Figure 5.9: All GASP channels for a full frame calibration image. Top LHS: RP1,
top RHS: RP2, bottom LHS: TP1 and bottom RHS: TP2.

PyRAF was used to perform all GASP image analysis including bias subtrac-

tion, image registration, image combination, and aperture photometry. PyRAF

combines the python programming language with the Image Reduction and Anal-

ysis Facility (IRAF) software system for the reduction and analysis of astronomical
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data. PyRAF was used to generate a master bias frame, which consists of 1000

bias frames, averaged using a pixel rejection routine with a σ level of 0.5. All cal-

ibration images were debiased using this frame, one for each detector. The same

bias frame was used throughout all other data analysis. If the bias frame settings

are changed for the calibration data set, then that new frame was used on science

data.

Prior to image registration, the normal astronomical analysis routine would use

a flat-field to remove any artefacts within a set of data caused by variations in the

pixel-to-pixel sensitivity, as a result of the detectors used. In the case of GASP,

the ECM procedure takes into account the pixel-to-pixel variation between images.

This type of processing would only account for a variation within the image itself,

the concern with GASP is the variation between channels, which indicates that

pixel-matching is the ultimate requirement. In any case, if this processing was

carried out it would be required for both the calibration and science data, in

the case of relative measurements this step appears to be unnecessary. Intensity

variations in a polarimetric output can be performed after calibration and this will

be discussed in Section 5.9.3.

PyRAF was then used to perform image registration using the visible artefacts

common to all channels. RP1 was selected as the reference channel and all other

calibration, and science, channels are mapped to RP1. These artefacts are not

point sources; therefore, it was impossible to choose, and match, their respective

centroids, which was performed based on a gaussion/moffat light signal distribu-

tion. Instead, line edges, and corners, were selected. It has been noted that there

was an element of error introduced by the user’s (visual) determination of where

an edge/corner begins/ends. This was expected to introduce a systematic error in

spatial registration, which has been approximated to be 1 pixel. It was also noted

that the RMS results, an output of the geomap tool, were an indication of how

well these edges/corners were matched image-to-image. These indicated that the

selected points were well matched based on the results in Table 5.3.

All data at the Palomar 200 inch telescope was recorded using 2 EMCCD de-

tectors, i.e. both RP channels are recorded on one detector, and the TP channels

on the other. Prior to selecting common artefacts, and subsequently image reg-

istration, each full frame (512 × 512) image was divided in 2 256 × 512 images
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- creating 4 channels. The TP channels were ‘prepped’ to make the process of

registration to RP1 channel simpler. Figure 5.8 shows that the TP images are

flipped along the y axis by 180◦ and there was a rotation of ∼ 90◦. Both these

transformations were carried out before final registration, where any remaining

rotations were taken care of using the geomap geometrical solution.

Note: the 180◦ is an exact measurement found from the Zemax theoretical

model. This is a result of the RP image, which is reflected off the prism footprint

(see Figure 4.6) introducing a 180◦ flip on this channel compared to what enters

the polarimeter. There are 2 total internal reflections within the prism that flip the

image by 180◦ twice. As all channels are compared to RP1, the pre-flipping was

therefore performed on each TP channel. The 90◦ comes from the orientation of

the Wollaston prism; Zemax cannot be used for this as the experimental alignment

does not match the Zemax prescription. The reason for why this is not an issue in

the performance of the polarimeter has been address in Section 3.2.1. The reason

for the initial 90◦ rotation was simply, to select image artefact points that matched

both TP2 and TP2 to RP1 more easily. An IRAF command called imlintran was

used to perform the initial flipping and rotating. No skew, scaling or distortion is

introduced when carrying out this analysis as every measurement was carried out

based on the same reference point. After this step, it became clear, which artefacts

were common between RP1 and each of the TP images. There was no difference

between the raw image and the flipped and rotated image except in terms of a

pixel linear translation. The final registration depends solely on the geometrical

relationship between points in the image. All TP images were analysed in this

way.

A set of points, per channel, were selected for image registration5, and an

IRAF command, called xyxymatch, was used to perform point matching. This is a

useful command as, interactively, the user chooses 3 common points in a triangular

configuration on the reference image, and the same 3 points are selected on the

input image to be matched. The task selects the remaining matched coordinates

that best fit this criterion.

This matching process generates an initial transformation that can be used as

5This was a factor in determining the order of the polynomial function used and are matched
based on a pixel tolerance or triangles relationship.
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a check of the initial transformation. The matching is stored in a transform file,

which is fed to a command called geomap generating a transform database. A

registration command called gregister takes the original images and registers them

using the information stored in the transform and database files. The minimum

function that could be used to fit the data was a 3rd order polynomial, which

includes higher order distortions in the registration solution. The geomap database

can generate a function of this order using a minimum of 10 matched points. A

data point ‘outlier’ could grossly distort the transformation, therefore RMS value

checks should be carried out to find the best combination of points. The RMS value

of the fit is only significant in the region where the points are located; however,

RMS values of matched points that are higher than 1 pixel are normally rejected.

A 3rd order polynomial calculates 6 parameters; linear translation, rotation and

scaling for an (x, y) coordinate. It also has the capability of calculating surface

distortion factors based on the residuals of the linear fit. geomap was used to

calculate this polynomial function to register the GASP data. The polynomial

solution obtained was assessed based on how well the chosen points fit in terms of

RMS values; it was also assessed from the percentage image residuals, which were

calculated using Equation 5.16 after registration.

The RMS values for the function are a measure of the distortions specific to the

points that are used in the transform, however, they are a useful first order check of

the transform generated by geomap. Using this transform in a section of the FOV

where there are no points means that it is unlikely to give a meaningful registration

solution. The removal of any of the above points and re-running geomap gave a

variation in xrms and yrms of 10−3 for the RP2 image. In the case of each TP

image, where the distortion was visibly worse, removing points the outer FOV

gave values for the xrms and yrms varied for a range of 10−2 - 10−1, see Table 5.4.

This reduction possibly indicated that the registration would show improvement,

however, as was the case for RP2, it showed no comparable registration difference,

particularly in shift, magnification, and rotation. As pixel binning was carried

at the 4 × 4 level, these values were greatly reduced. A number of registration

combinations were carried all the way through to verify a calibration result based

on registration points chosen and ultimately, the removal of any artefact did not

alter the calibration matrix. The final registered images can be seen in Figure
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Table 5.3: Output of the geomap fit for artefact registration. These values refer
to the data at the pixel level without any binning.

Channel RP2 TP1 TP2

x shift (pixels) 73.04 29.01 40.19

y shift (pixels) -3.10 61.89 -11.54

x magnification 0.93 0.94 0.97

y magnification 1.01 0.98 1.01

x rotation (◦) 0.27 0.13 0.91

y rotation (◦) 0.27 3.58 0.41

xrms (pixels) 0.85 0.58 0.44

yrms (pixels) 0.32 0.53 0.57

5.10.

The points used for matching in each of the channels in Table 5.3 are not

comparable as the same points were not matched per channel. The RP2 channel

used points in the outer edges of the FOV; these same points do not appear in

either of the TP images as the FOV was vignetted and too greatly distorted to use

any points that appear here. It was reasonable to say that reducing the number of

points used in the geometrical transform will yield lower RMS values in this case.

The RP2 channel has been shifted linearly in x and y so that the artefacts

now overlap. The overall shape of the FOV is slightly altered but it maintains its

circular outline from the LHS as far as the centre, however, the registration starts

to breakdown toward the RHS of the image. There are less artefacts for selection

in this area of the FOV and any global distortion will not be properly corrected.

Looking at the TP channels in Figure 5.8, the FOV has a different shape to that

of the RP channels. The main beamsplitting prism causes an astigmatism when

it undergoes 2 total internal reflections, which gives this distorted view of each

channel. This astigmatism is not obvious when imaging a point source, but it is
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Table 5.4: Output of the geomap fit for the matched TP2 artefact registration.
Artefacts were removed in the outer FOV where distortions appeared to grow
visually.

Channel TP2

x shift (pixels) 40.07

y shift (pixels) -11.51

x magnification 0.98

y magnification 1.01

x rotation (◦) 0.95

y rotation (◦) 0.41

xrms (pixels) 0.39

yrms (pixels) 0.59

an underlying problem when pixel-matching the entire FOV. When each TP image

is registered, see Figure 5.10, it can be seen that the pattern of the FOV is less

elliptical and starting to take on a more circular shape. There were fewer points

to choose from on the TP images compared to RP2. There is also ‘banding’ of

light (where the light intensity on the image appears more localised) on the TP1

and TP2 channels. The light intensity is not being redistributed evenly as on each

of the RP channels. This ‘banding’ is not present in the RP data and where it

appears in the TP images is where the optical distortion appears worst; this effect

has also been found in some of the observational data. In each of the TP images,

and to a certain extent RP2, the further out from the centre of each field, the

optical distortion grows. This optical effect has been discussed in Section 4.4.1.

Figure 5.11 is a set of registered images, similar to that in Figure 5.10, using

different PSG elements for display purposes. The light level for the calibration

images is set using the linear polariser. The LED is adjusted until the chip reaches

∼ half pixel-well saturation. A frame is recorded for 0.0045 seconds and averaged

over 10 frames. This is the image section that will be used in calibrating the
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Figure 5.10: All registered GASP channels for a full frame calibration image using
the artefacts in Figure 5.9. Top LHS: RP1, top RHS: RP2, bottom LHS: TP1 and
bottom RHS: TP2.

instrument pixel-by-pixel.

Due to the processing time required to calibrate the data pixel-by-pixel, sub-

sections of the calibration images were used depending on the location of a target

or area on the chip that was of interest. In this section, a region in the centre of the

chip will be used to reproduce polarimetric information of science targets. This

data has been binned 4× 4 to reduce processing time, and a secondary objective

of binning is to minimise distortion effects.

A closer look at a section of the image on which the ECM will be run (discussed

later) show that, there appears to be remaining distortions on the bottom right

and top left corner of the image; it suggests that, this area of the field is not

as flat as the rest of the image section. This image section was chosen for the

purpose of calibration, but also as this section of the FOV contained a number
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Figure 5.11: All registered GASP channels for a full frame calibration image using
the artefacts in Figure 5.9. The section indicated by the orange box is used in
calibration to produce a system matrix using the Eigenvalue Calibration Method.
This calibration data set has been binned 4 × 4. Top LHS: RP1, top RHS: RP2,
bottom LHS: TP1, and bottom RHS: TP2.

of observational targets from the observation run at Palomar, which would be of

interest. The area on TP2 retains some variation in flux in the bottom right corner

of the selected FOV. The targets for polarimetric reduction were not found in this

area of the field. Unfortunately, there were insufficient image artefacts located in

this area, which would have corrected this variation. The main objective of this

image analysis was to achieve the best registration solution possible to calibrate

every pixel in the image. If this matching is perfect, each pixel should have a

similar system matrix to its neighbouring pixel.
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5.9.1 Artefact Residuals

In order to determine how well registered these images are, image residuals (or

pixel residuals) are calculated using Equation 5.16. This examines any artefacts

left after subtraction, particularly in the case of observational data when using a

clearly defined target(s). It also determines the intensity percentage difference per

pixel.
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Figure 5.12: Calibration residuals from the section of the image indicated above.
The top left corner image show the counts on the RP1 channel to which everything
is registered. There is a clear systematic variation present across each field.

On careful examination of Figure 5.12, there appears to be a systematic trend

across the calibration channels. The variation in RP2 is thought to be more random

than systematic; however, there is a pattern in the bottom half of the residual

image that could indicate an effect as a result of improper pixel-matching. The
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percentage residuals have a maximum value of ∼ 4%, indicating a close match to

RP1. This follows through to the normalised calibration matrix, which can be

seen in Figure 5.14, which will be explained in more detail later.

Comparing% residuals to what is calculated in the calibration matrix, it ap-

pears that there is very little variation (and little systematic) in RP2 and a very

similar pattern is seen in row 2 of the calibration matrix. (Note: For calibration

images, RP2 is compared to RP1 for a similar polarisation state.) The pattern

present in the residuals in TP1 and TP2 is present in row 3 and 4, respectively.

The variation in the gain coefficients is quite high; for TP2 a FOV variation of

0.0378 is found, but for RP2 and TP1 this is 0.0028 and 0.0091, respectively. It

is possible that these values could be true pixel gain variations in this FOV, they

are not very high; however, it is expected that the pixel residuals of high, or low,

gain value should vary randomly across the field, and not produce any discernible

patterns. This will be developed in more detail in Section 5.9.2.

5.9.2 ECM Analysis & Results of Artefact Registration

After image registration, the calibration images are read into Matlab where the

ECM is performed. A code written by David Lara (Lara Saucedo, 2005) has been

adapted for the GASP calibration. The same pixel is selected from each path for

a series of rotations of the linear polariser and a minimisation routine is used to

find the eigenvalues of the intensity matrix, and hence the Mueller matrices of the

samples used, see Compain et al. (1999). This is also explained in more detail in

Appendix C. Once W is determined A, the system matrix for the experimental

set-up, can be calculated.

The GASP Polarisation State Analyser (PSA) for the angle of incidence (AOI)

and DOAP configuration is given by Equation 5.15. This is the ideal matrix in the

absence of noise. The first column represents the gain of the system (including the

detectors used) for each of the channels. This matrix assumes perfect alignment,

including the assumption that each of the Wollaston prisms has been aligned to

the same angle. If this is not followed for the experimental system, it does not

have a negative impact on the experimental matrix. The Wollastons are aligned to

±45◦ (or an integer multiple of ±45◦). An important consideration is that, once
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the system has been optically aligned for calibration, it is not modified. The same

optical alignment for calibration must be used for science to accurately reproduce

any polarimetric information.

Figure 5.13 is an image of the experimental calibration matrix. The first column

of the matrix is the gain coefficient for each channel. The first row is a measure for

RP1, row 2 - 4, are RP2, TP1, and TP2, respectively. The variation in the gain

values and the systematic trend across each coefficient in column 1 is evidence of

those seen in the residuals.
A matrix
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Figure 5.13: The experimental calibration matrix for the image section indicated in
Figure 5.11. The calibration images were registered to channel RP1 using artefacts
common to all channels.

Figure 5.14 is an image of a normalised version of the calibration matrix in

Figure 5.13, for the same image section above. This has been calculated using

Equation 5.13.

This matrix contains all the information required to reproduce the entire Stokes

vector. It is useful to compare the experimental matrix, to the theoretical, in this

form. It can be analysed in this way, remembering that there are certain alignment

expectations of the ideal system that may not have been followed experimentally.
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A normalized matrix
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Figure 5.14: The normalised calibration matrix for the image section indicated in
Figure 5.11. The calibration images were registered to channel RP1 using artefacts
common to all channels. Apart from the clear systematic trend in all gain coeffi-
cients the mean values for each are in good agreement with the GASP PSA. The
only exception is TP2. This is very clearly a result of the pattern in the bottom
right corner, which shows a clear contrast in values to the top left. This pattern is
a result of image registration and appears on each of the TP2 coefficients. If this
area was ignored, the values would better agree with the PSA. Taking a smaller
area of the FOV, or shifting would reduce this pattern, however, there is similar
compromise on the TP1 image in the top left corner.

The mean value of the normalised matrix in Figure 5.14 can be found in Equation

5.17. In this case, the error in the FOV will be the combined systematic and

random variation in the field.

x̄ =


0.1766 −0.0844 0.1508 0.0043

0.1795 −0.0875 −0.1397 −0.0041

0.2187 0.1080 −0.0359 −0.1917

0.2414 0.1140 −0.0350 −0.2121

 . (5.17)

It is found that the mean of the normalised matrix is a satisfactory representa-

149



tion of the theoretical PSA found in Equation 5.15. There appears to be a larger

deviation on the mean value of TP2 from the theoretical value. It is expected

that the gain values for RP1 and RP2 should be quite similar, and the same is

true for TP1 and TP2. The reasons for this variation have been discussed at the

beginning of this chapter. The mean of the gain coefficient for TP2 varies by ∼
0.0378, higher than any of the other channels. A variation in pixel values of this

magnitude could be an indication that there is a gain variation pixel-to-pixel and

this can be a result of incorrect pixel-matching. The ECM measures the gain

variation channel-to-channel. If the pixel-matching is not correct this will create a

systematic gain variation error. Other sources of error that could result in pattern

effects such as these could be imperfections in the polarimetric/optical elements

used for the complete polarimeter and the calibration. These inaccuracies can

occur as a result of artefacts inherent to experimental equipment, or dust in the

system could be an issue. An intensive analysis using Zemax would give a well

defined optical description that would allow the observer to limit the level of dis-

tortion that increases difficulty in image registration. It is difficult to distinguish,

in the case of GASP, as there is no perfect geometrical solution in terms of the

optical alignment.

The mean values for RP1, RP2, and TP1 do not deviate largely from what is

expected, however, there is a systematic pattern in each of the coefficients in Figure

5.14. A comparison has been made to the pattern in each of the image residuals.

An exception in the expected outcome is in the gain coefficient for TP2. This is

a clearly defined pattern from the top left corner to bottom right; this pattern is

ultimately a result of image registration (other possibilities have been mentioned

above) and appears on each of the TP2 coefficients. It is valid to simply ignore

this section of the FOV as it will not be used for science target analysis, but would

cause problems for extended sources/fields. Taking a smaller area of the FOV, or

shifting would reduce this pattern, however, there is similar compromise on the

TP1 image in the top left corner. Other areas of the FOV have been explored,

however, this was chosen for its location in the interest of science targets.
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5.9.3 ECM Sample Calibration Artefact Registration

It is important to verify how well the system is calibrated: This is done by the

reconstruction of the Mueller matrix samples from the ECM. The resultant system

matrix of this ECM are used on another set of calibration data recorded for each of

the samples AIR, P0, P90, and R30. This indicates how the calibration performs

on an independent data set. What is useful about this experiment is that, the

data used has been recorded on the same optical axis as the calibration data. The

Mueller matrices for these samples are calculated using Equation 5.18,

MMi = A−1BiW
−1, (5.18)

where each Bi corresponds to the intensities recorded using the MMi sample,

A is the system matrix, and W is the PSG calculated by the ECM. The image of

each sample has been normalised to the first coefficient of the MM (all the pixels

in the top left corner image otherwise known as m1,1). This is to remove any pixel

intensity variation.

Figure 5.15 is in image of the AIR sample used in the ECM analysis. As

this is simply a blank slot in the ECM calibration wheel then it is expected that

the reconstructed matrix for this sample should be the Identity matrix, this and

the mean experimental value are found in Table 5.5. It is found that the results

yielded from this sample are showing that the calibration is working very well

along the calibration optical axis, where these measurements are recorded. There

are some similar systematics present in this matrix to that in the system matrix

in Figure 5.14; however, the variation, in particular rows 1 and 3 (RP1 and TP1,

respectively) shows very low percentage differences across this FOV. Rows 2 and 4

(RP2 and TP2, respectively) are marginally higher but the mean values show that

GASP is measuring the AIR ECM sample very well. It is possible that there are

remaining pixel-matching errors, particularly in the case of TP1 and TP2, which

were more difficult to register, but this is reasonable based on the results of A

matrix. It is noted that in almost all coefficients, an artefact used in registration

is reconstructed nicely, in particular m2,1.

The reconstructed matrices for each of the other samples used, linear polariser

at 0◦ (P0), 90◦ (P90), and a quarter-wave plate at 45◦ (R30) show similar system
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Figure 5.15: The normalised Mueller matrix for the AIR sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using artefacts common to all channels.

variation and they are also examined. Figure 5.16 is the Mueller matrix for the

linear polariser sample P0. The theoretical matrix for this sample can be found

in Table 5.6. In the case of both polarisers, the RP2 gain coefficient should report

the same result as that of RP1; it is measuring a value within ± 3% as expected.

These results indicate that GASP is measuring both the linear and horizontal

orientated polarisers quite well, with some variation from the ideal coefficient.

These variations can be found in the σ of the value over the FOV, which appears

to include some remaining distortions. TP1 and TP2 are also measuring values

that are quite close to the expected. Each of these channels should measure a zero

value for each coefficient: It is likely that any calibration error could be resulting in

coefficient variations of ∼ 6 - 8%. Any variation in illumination has been accounted

for by dividing every pixel of each coefficient by every of the first coefficient. The

theoretical Mueller matrix and the mean values for the sample P90 are found in

Table 5.7.

A similar trend can be found in the value of the coefficients between P0 and
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Table 5.5: Theoretical and mean values for the normalised Mueller matrix of the
AIR ECM sample; registration performed by image artefacts.

MMAIR x̄


1.0000 0.0000 0.0000 0.0000
0.0000 1.0000 0.0000 0.0000
0.0000 0.0000 1.0000 0.0000
0.0000 0.0000 0.0000 1.0000




1.0000 −0.0073 −0.0036 −0.0223
−0.0308 1.0025 −0.0152 −0.0471
0.0001 −0.0010 1.0023 0.0491
−0.0662 −0.0220 0.0782 0.9715



P90, taking into account the change of sign of the 2nd and 5th coefficients. Again

there are systematic patterns present in the images of the FOV, comparable to

those found in the calibration residuals and the normalised calibration system

matrix. The difference in the systematic patterns of these polarisers could also

indicate inherent characteristics of the individual polarisers, which are not used

for the same measurement.

Table 5.6: Theoretical and mean values for the normalised Mueller matrix of the
P0 ECM sample; registration performed by image artefacts.

MMP0 x̄


1.0000 1.0000 0.0000 0.0000
1.0000 1.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000




1.0000 1.0079 −0.0232 −0.0008
0.9554 0.9882 −0.0243 −0.0005
0.0018 0.0008 −0.0011 0.0015
−0.0765 −0.0773 0.0009 −0.0002
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Figure 5.16: The normalised Mueller matrix for the P0 sample for the image section
indicated in Figure 5.11. The calibration images were registered to channel RP1
using artefacts common to all channels.

Figure 5.18 is the Mueller matrix for the quarter-wave plate sample R30. The

theoretical Mueller matrix should have mean value found in Equation 5.19.

MMR30 =


1.0000 0.0000 0.0000 0.0000

0.0000 0.2500 0.4330 −0.8660

0.0000 0.4330 0.7500 0.5000

0.0000 0.8660 −0.5000 0.0000

 . (5.19)

This sample is more difficult to align (accurately) in the laboratory. If the

alignment of this sample deviates from the expected, it will have little (negative)

impact on the ECM other than introducing noise. Each of these samples have

been normalised to the first element of the MM, the intensity of the matrix and

this value is 1. It was found that the actual value to which this QWP was aligned

to was ∼ 38◦6. This is not a concern for this system, the same result was found

6This will be referred to as R30 for convenience.
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Figure 5.17: The normalised Mueller matrix for the P90 sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using artefacts common to all channels.

when calibrating the system using APDs. The references de Martino (2004) and

Lara Saucedo (2005) explain the investigation performed in the azimuthal angle

for the retarder sample. This difference in angle will not create a systematic error,

but rather add extra noise to the system. The MM for a QWP aligned to 38◦ can

be found in Table 5.8, which is a better match to the mean. The values for P0 and

P90 did not have this concern and were much easier to align in the laboratory. The

first column of the MM sample for R30 show variation comparable to the mean in

Table 5.8. The variation in the mean values found are at most ∼ 4%. The image of

the matrix in Figure 5.18 indicates that there are remaining pixel-matching errors

on each of RP2, TP1, and TP2. These are compared to those in the percentage

residuals and the system matrix, however, the variation is low enough to indicate

that this sample is calibrated.

The variation from the mean value, in Table 5.8, for each coefficient of each

sample’s Mueller matrix ranges from ∼ 0 - 6%. Each coefficient is expected to

show a homogeneous pattern with random fluctuations from the ideal case. There
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are some systematic errors present that conclude that this is not what we see for

GASP, however, the mean value of each coefficient indicates that GASP is measur-

ing the Mueller matrix of each sample very well. Some similarities are also found

in the systematic variation to that found in Figure 5.14 and the registration resid-

uals. Dust particles can also be a source of variations in the measured irradiance

distribution in the ECM samples. This is also a source of error in the calibrated

matrix. Therefore, the Mueller samples are divided by the m1,1 coefficient to re-

duce this error. It is noted that these measurements are taken off axis, the same

as that of the data recorded to produce a calibration matrix.

The variation in the system matrix does not appear to be very high, however,

there are patterns in certain regions of the field where the values are almost the

same, and areas in the FOV where the variation in the value of the coefficient

produces a different pattern. There must be a reason for this systematic pattern.

There are very similar patterns found in the calibration matrix, rather than a noise

pattern, showing a limit to how well the ECM samples can be reconstructed. The

results found from verification of these samples indicate that GASP is in fact very

well calibrated along its calibration axis showing low level variation, yet indicates

consistent systematic patterns like that found in the system matrix.

It is noted that, in the case of using image artefacts, the area of the field, which

has been calibrated does not contain any artefacts. The geometrical solution for

this area is relying on a solution for the artefacts in the edges of the field that is

unlikely to be correct, and could be adding further distortions. Patterns in the

registered images in Figure 5.11 is coming through in the residuals as it cannot be

removed if that pattern is not present in all images, i.e., it is not real to all images.

Table 5.7: Theoretical and mean values for the normalised Mueller matrix of the
P90 ECM sample; registration performed by image artefacts.

MMP90 x̄


1.0000 −1.0000 0.0000 0.0000
−1.0000 1.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000




1.0000 −0.9931 0.0293 0.0009
−1.0363 1.0241 −0.0300 −0.0012
0.0241 −0.0231 0.0014 −0.0016
−0.0303 0.0298 −0.0005 −0.0001
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Figure 5.18: The normalised Mueller matrix for the R30 sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using artefacts common to all channels.

5.10 ECM Image Registration using Science Data

Another option that has been explored for image registration uses information

from observational data recorded on one of the nights at the P200. A number

of polarisation standards were observed and some data from science observations

are also used. The centroid of each of these targets was found using the IRAF

command daofind and a text file was generated, which matched these points for

each channel by the user. A second order polynomial solution was generated using

geomap, as explained in Section 5.9. The data has been binned 4 × 4 to minimise

any further image distortion.

It is assumed that the RP1 channel on science data matches the RP1 channel

on calibration exactly for this registration method. It is noted that these matched

points do not appear in calibration data, as the telescope optical axis is not shared

by the calibration optical axis. Angular misalignment of the entrance beam, or

mismatching of the respective optical axis centre of the calibration arm could
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Table 5.8: Theoretical and mean values for the normalised Mueller matrix of the
R30 ECM sample; registration performed by image artefacts.

MMP38 x̄


1.0000 0.0000 0.0000 0.0000
0.0000 0.0585 0.2347 −0.9703
0.0000 0.2347 0.9415 0.2419
0.0000 0.9703 −0.2419 0.0000




1.0000 −0.0220 0.0001 0.0066
−0.0273 −0.0223 0.2259 −0.9687
−0.0008 0.2690 0.9357 0.2917
−0.0588 0.9512 −0.1482 −0.0349



generate larger error in pixel-matching between the respective channels. Matching

the RP1 calibration channel to the RP1 science channel will be discussed in a later

section.

The points used for registration are found in Figure 5.19. These points lie

in ∼ 11 × 11 pixel area with some variation in the x and y coordinate. The

area of interest is the region where the Crab pulsar is located, indicated by the

orange box. For the purpose of calibration this FOV is used; in the case of science

analysis this area can be moved to give the best calibration output to avoid areas

where registration is not uniform. This will be looked at in more detail in the

observational work

Table 5.9 give the RMS values for the fit by geomap, which is used to find the

geometrical transformation. The fit is carried out using a polynomial function of

order 2.

The RMS values in Table 5.9 are quite low and show that there is good matching

in this area of the chip. This is a very good indication that of the suitability of

this fit solution. As this data has been binned 4 × 4, it is a good idea to check

how this fit works at the pixel level. It can been shown that the RMS values are

less than a pixel at that level, which is a good result when the aim of the analysis

is to match pixels. These RMS values can be compared to those in Table 5.3. It

can be seen that, even though this used a simpler 2nd order polynomial function,

the RMS values are lower. In terms of registration RMS values, the science data

points indicate that a better transformation will be generated using the science

data.

In order to test the variation in this part of the FOV, the geometrical solution
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Figure 5.19: This in an image of the Crab Nebula (∼ 20 ′′). The points indicated
are from a set of data from the first night of observations. This is how they are
scattered throughout the field.

produced for all 6 points is tested. One point is removed and a new fit is pro-

duced; this fit is then used to find the location of where this removed point would

fall, compared to the solution using all 6 points. Table 5.10 gives the coordinate

found using all 6 points compared to when that point is removed. The points are

numbered according to the values found in Figure 5.20. The LHS column of each

channel is the output for registration by all 6 data points, the RHS column is the

output from the removal of that particular point. Figure 5.20 gives the location

of each point, with 4 × 4 after registration. The values in this table refer to the

data at the pixel level without any binning.

It is clear that by the removal of each point, there is some variation in the new
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Table 5.9: Output of the geomap fit using science data points in Figure 5.19.

Channel RP2 TP1 TP2

x shift (pixels) 84.93 47.42 42.48

y shift (pixels) -4.32 75.12 -13.88

x magnification 1.09 1.04 1.03

y magnification 1.03 0.91 1.05

x rotation (◦) 1.85 -3.14 4.42

y rotation (◦) -6.32 -2.86 -1.07

xrms (pixels) 0.78 0.45 0.40

yrms (pixels) 0.19 0.38 0.54

fit compared to that of the fit produced from using all 6 points. This is expected as

there is already limited registration information available in only 6 points. These

points are all within ∼ 15 pixels, though it can be seen that the variation worsens

in points that are located further away than the main cluster, in particular point

1, and the RMS values also decrease in Table 5.11. Table 5.11 shows a similar

analysis on all channels where the RMS values are given for the geometrical when

a point is removed. In this case when point 1 is removed the RMS values in each

TP image decrease, which match the trend in Table 5.10. These results show that

there is large variation over a small FOV. This is comparable to the results found

by Smith et al. (1999) where small changes in beam wander or pixel misregistration

result in large polarimetric errors - 0.05 pixel error compares to ∼ 1% DOLP and

DOCP. The results of the GASP registration show that, if any individual point is

not used:

• It is not possible to register that section of the field.

• It is possible to use the new fit to register the removed point but with error

as it is field dependent.
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Figure 5.20: The final registered channels for calibration. The points indicated are
from the set of science data used for registration from the first night of observations.
This is how they are scattered throughout the field after registration - the points
have been passed through the IRAF task geoxytran, which uses the geometric fit
to find the new coordinate location.

• Depending on field location the removal of the point can improve/disimprove

the registration.

• It can be assumed that, based on these results, any part of the FOV without

matched points is not well registered.

Figure 5.21 shows the registered images for the final geometrical registration

solution using all 6 data points. The LHS column of each channel is the output for

registration by all 6 data points, the RHS column is the output from the removal

of that particular point. Figure 5.20 gives the location of each point, with 4 × 4

after registration. The RMS values in this table refer to the data at the pixel level

without any binning.

161



Table 5.10: Output of each of the geomap fits. The coordinates are given for each
channel after registration.

Point #
RP2 TP1 TP2

6 point fit point
removed

6 point fit point
removed

6 point fit point
removed

1 78.2,227.4 83.0,226.9 77.8,227.5 96.5,215.8 77.9,227.3 135.8,294.9

2 91.8,226.8 90.8,227.1 92.7,226.1 92.8,225.2 92.5,227.1 92.3,227.8

3 96.8,233.8 97.0,233.7 97.0,234.3 97.3,234.5 97.2,234.0 97.5,234.0

4 98.3,248.8 95.4,249.3 99.5,248.2 100.6,246.9 99.4,249.2 100.1,251.3

5 71.7,218.3 70.5,218.5 71.7,218.3 70.5,217.8 71.7,218.3 70.8,219.4

6 100.6,240.0 101.3,239.9 98.7,240.7 98.3,241.0 98.8,239.3 98.6,238.9

Based on the theoretical work done by Smith, RMS errors such as these indicate

that it is possible that GASP will show large polarimetric variation pixel-to-pixel.

If the 6 points are used to calibrate GASP an error for all 6 RMS parameters (x

and y for each of the 3 channels registered) gives a resultant pixel error of ∼ 0.3

pixels (propagation of the RMS errors in all 3 channels). This is for this area

of the FOV. According to Smith et al. (1999), this could result in a ± 6% error

(the results in Figure 5.7 are not linear) in the DOLP and DOCP. However, this

analysis is a first-order approximation and other factors will have to be included.

The calibration is also affected by this misregistration and this will create further

error in the polarimetric results. Smith relates the misregistration directly to an

error in percentage polarisation. The polarimetric errors are calculated using the

expressions in Appendix A. Further analysis is required to establish how this

misregistration contributes to error in GASP calibration and polarimetric results.

It is noted that this analysis was not carried out using image artefacts as there

were not enough available points in the FOV of interest. The artefacts used for

registration were not located in clusters, but randomly distributed in the outer

field.

The central region of the images appear to be well registered, however, looking
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Table 5.11: Output of each of the geomap fits. The RMS values are given for each
channel after registration.

Point #
RP2 TP1 TP2

xRMS yRMS xRMS yRMS xRMS yRMS

1 0.50 0.19 0.16 0.29 0.29 0.24

2 0.49 0.02 0.50 0.19 0.43 0.43

3 0.84 0.15 0.41 0.40 0.22 0.6

4 0.09 0.13 0.34 0.10 0.42 0.06

5 0.88 0.22 0.53 0.43 0.48 0.60

6 0.50 0.19 0.12 0.29 0.28 0.24

from the centre out to the edges of the field the matching deteriorates. This is

expected given the limited number of matched points from the analysis above.
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Figure 5.21: All registered GASP channels for a full frame calibration image that
have been spatially registered using science data points in Figure 5.19. The section
indicated by the orange box is used in calibration to produce a system matrix using
the Eigenvalue Calibration Method. This calibration data set has been binned
4× 4. Top LHS: RP1, top RHS: RP2, bottom LHS: TP1 and bottom RHS: TP2.

5.10.1 Science Residuals

These calibration images are compared to RP1 calibration channel. A systematic

trend is observed when analysing the residuals. The residual percentage for RP2

channel have increased compared to registration by image artefacts. It appears

to have a banding across the observed field compared to using image artefact

registration. A comparison can be drawn to the variation across the FOV in RP1,

though this pattern is rotated by 90◦. It is uncertain what is causing this pattern.

The area where the residuals reach their maximum covers a very small area of the

FOV. A similar trend is seen for TP1 and TP2, which have an elliptical pattern

within the field. There is also some banding pattern, meaning that the residuals

are not the remaining noise pattern that would be expected after normalisation

and subtraction. These patterns are found in the raw data images, which shows

that this particular area of the FOV is not perfectly registered.
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Figure 5.22: Calibration residuals from the section of the image indicated above.
All 4 channels have been registered to the calibration image RP1 channel based
on science points from Figure 5.19.

The variation in the mean value of the RP2 gain coefficient increases, based on

the trend observed, to 0.015 compared to the registration with artefacts. There

is also a change in both the TP1 and TP2 channels, and looking at the system

matrix in Figure 5.24, it is clear that there is more variability on both TP1 and

TP2 gain coefficients, with variation of 0.017 and 0.071, respectively. This will be

developed further in the next section. It is difficult to compare both methods of

registration as there are advantages and disadvantages to both. Small changes in

the mean values of the calibration matrix are not indicative of a better calibration.
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5.10.2 ECM Analysis & Results of Science Data Registra-

tion

The results from artefact registration were showing reasonably accurate results

that indicated that GASP was calibrated. However, the points used for calibration

were not located in the FOV of interest and the registration analysis was repeated

for a science data registration technique. These data points are found in Figure

5.19. The idea behind using this method is that this part of the field contains a

number of points that can be matched on all channels to RP1 channel, from the

first night of observations at the 200 inch. There are 6 matched points meaning

a polynomial of order 2 is the most complex function that can be used. The

geometrical fit has been discussed above. A comparison can be drawn to the

GASP theoretical PSA found in Equation 5.15.

Figure 5.23 is an image of the calibration system matrix generated from this

registration solution. It has already been explained that the first column of the

matrix gives the gain for each channel. The first row is a measure for RP1, row 2 -

4, are RP2, TP1, and TP2, respectively. There is a variation in the gain values and

the systematic trend across each coefficient in column 1. These are comparable

to the trends found in the image residuals where the patterns observed are nearly

identical.

Figure 5.14 is an image of the normalised calibration system matrix for the

same image section in Figure 5.23.

Equation 5.20 contains the mean values of the normalised matrix in Figure

5.24, which give a better understanding how the calibration matrix compares to

the theoretical. The variation in the mean value of each coefficent contain a com-

bination of the systematic and random variation in this FOV.

x̄ =


0.1766 −0.0846 0.1520 0.0043

0.1996 −0.0966 −0.1586 −0.0046

0.2254 0.1126 −0.0366 −0.1964

0.2810 0.1315 0.0422 0.2477

 . (5.20)

On examination of the variation across the FOV for the normalised matrix,

like the matrix in Figure 5.14, the gain values for RP1 and RP2 should be quite
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A matrix
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Figure 5.23: The experimental calibration matrix for the image section indicated in
Figure 5.11. The calibration images were registered to channel RP1 using science
data.

similar, and those for TP1 and TP2. There is a larger difference in the mean value

for each of the gain coefficients for this matrix compared to that found using image

artefacts, when compared to the theoretical matrix to which each of these has been

normalised. However, it is difficult to compare this to the theoretical given the

differences that will exist in optical alignment. The mean values found for this

calibration matrix are showing a similar trend to those found in the matrix found

when calibrating using APDs. It must be noted that there will be a gain variation

between each set of detectors used in calibration.

The pattern found in each of the coefficients, particularly on TP2, are images

of that area of the FOV of each channel, which is expected. In the absence of

variation in luminosity in the field, of each channel, a more random pattern would

be observed. In the coefficients where the values are expected to be low (∼ 0), a

pattern will be less evident where the random errors are approximately equal to

the systematic, taking into account alignment variation in the theoretical PSA.

The variation in the mean values found in Equation 5.20 are comparable to
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A normalized matrix

 

 

2 4 6 8 10

2

4

6

8

10

0.2

0.3

0.4

 

 

2 4 6 8 10

2

4

6

8

10

0.03

0.04

0.05

0.06

0.07

 

 

2 4 6 8 10

2

4

6

8

10

0.1

0.15

0.2

 

 

2 4 6 8 10

2

4

6

8

10

0.2

0.3

0.4

 

 

2 4 6 8 10

2

4

6

8

10

−0.24

−0.22

−0.2

−0.18

 

 

2 4 6 8 10

2

4

6

8

10

−0.045

−0.04

−0.035

 

 

2 4 6 8 10

2

4

6

8

10

0.12

0.14

 

 

2 4 6 8 10

2

4

6

8

10

0.22

0.24

0.26

0.28

 

 

2 4 6 8 10

2

4

6

8

10

−6

−5

−4

x 10
−3

 

 

2 4 6 8 10

2

4

6

8

10

−0.2

−0.15

 

 

2 4 6 8 10

2

4

6

8

10

−0.11

−0.1

−0.09

 

 

2 4 6 8 10

2

4

6

8

10

0.18

0.2

0.22

 

 

2 4 6 8 10

2

4

6

8

10

4

4.5

5
x 10

−3

 

 

2 4 6 8 10

2

4

6

8

10

0.15

0.16

 

 

2 4 6 8 10

2

4

6

8

10

−0.09

−0.085

−0.08

 

 

2 4 6 8 10

2

4

6

8

10

0.1765

0.1766

0.1767

Figure 5.24: The normalised calibration matrix for the image section indicated in
Figure 5.11. The calibration images were registered to channel RP1 using science
data.

those found in Equation 5.17, containing both systematic and random errors. Some

remaining error in pixel-to-pixel matching is a likely cause of these values. It is

possible that these are a good representation of the distribution of coefficient values

in this area of the FOV due to the fact that actual science targets are used for

matching. As there was for registration using image artefacts, this has resulted in

the observed systematic pattern in each of the coefficients in Figure 5.24.

5.10.3 ECM Sample Calibration using Science Data Reg-

istration

The results of the ECM samples are analysed resulting in similar conclusions for

the registration solution using image artefacts. A systematic trend persists, though

the pattern differs to that using artefacts, as a different solution for geometrical

registration is used, nonetheless the pattern emerging in the normalised system

matrix is evidence of that found in the residuals of registration. The expected
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values for these MM have been discussed in Section 5.9.2.

The Mueller matrix for the AIR ECM sample is found in Figure 5.25. The

results for this sample are greatly improved compared to that using image artefacts

with respect to the difference in systematic trend. The σ have also improved and

appear to be as low as 0.5%. There is evidence of a systematic effect on each of the

TP images, particularly TP2. This is consistent with the fact that there is more

observed distortion on this path, which makes image registration more difficult.

The theoretical and mean value for the second to last coefficient is quite high, and

again this is indicative of the difficulty in image registration. The same is found

for the last TP1 coefficient.
AIR MM
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Figure 5.25: The normalised Mueller matrix for the AIR sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using science data.

Figure 5.26 and 5.27 are the Mueller matrices for the linear polariser sample P0

and P90. These samples have similar MM, with the exception of sign. Again, the

results found using this registration method are improved and the variation is low

on each channel, however, the values for the 3rd coefficients on rows 1 and 2 are

higher than expected. This could be for a number of reasons, image registration,
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Table 5.12: Theoretical and mean values for the normalised Mueller matrix of the
AIR ECM sample; registration performed using science data points.

MMAIR x̄


1.0000 0.0000 0.0000 0.0000
0.0000 1.0000 0.0000 0.0000
0.0000 0.0000 1.0000 0.0000
0.0000 0.0000 0.0000 1.0000




1.0000 0.0004 0.0014 −0.0020
0.0043 1.0021 −0.0018 −0.0045
−0.0032 −0.0008 0.9854 0.0467
−0.0094 0.0046 0.0873 0.9902



or imperfections in the polarisers used. There is a trend on each of the TP rows

(3 and 4). The top left and bottom right corner show larger variation compared

to that in the centre of the FOV. Again, this is most likely as a result of an

absence of registration points in those areas. To a good extent, the P0 and P90

experimentally determined Mueller matrices correspond with their corresponding

theoretical matrices.

Table 5.13: Theoretical and mean values for the normalised Mueller matrix of the
P0 ECM sample; registration performed using science data points.

MMP0 x̄


1.0000 1.0000 0.0000 0.0000
1.0000 1.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000




1.0000 1.0075 −0.0166 0.0015
0.9848 1.0169 −0.0175 0.0017
−0.0004 −0.0014 −0.0011 0.0015
0.0044 0.0049 −0.0000 0.0003



The results found for the horizontal polariser in Figure 5.26 are comparable

to those in Figure 5.27. The mean value is compared to the theoretical in Table

5.13. The variation appears to be very similar and the probable systematic effect

of registration is also present in this image. However, compared to the method

using image artefacts, registration by science data point has produced Mueller

samples that appear to be very well calibrated. These Mueller matrices show a

cleaner variability compared to those using image artefacts and the areas showing

systematic variation are clearly evidence of errors in the calibration matrix.
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Figure 5.26: The normalised Mueller matrix for the P0 sample for the image section
indicated in Figure 5.11. The calibration images were registered to channel RP1
using science data.

Figure 5.28 is the Mueller matrix for the sample R30. In the same way as

using image artefacts, it has been concluded that this sample has been aligned

to an angle of ∼ 38◦. Just like the figures above, there is a low systematic trend

present and any evidence of one can be compared to that in the system matrix

and image residuals.

Looking at this image, the TP coefficients, rows 3 and 4, register the highest

variation for all coefficients, however, this value is about 1%, which does compare

to the values found for the image residuals after registration. Any variation is

most likely to be a result of incorrect pixel-matching which is due to an insuffi-

cient number of data points; this has been discussed when registering with image

artefacts.
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Figure 5.27: The normalised Mueller matrix for the P90 sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using science data.

Table 5.14: Theoretical and mean values for the normalised Mueller matrix of the
P90 ECM sample; registration performed using science data points.

MMP90 x̄


1.0000 −1.0000 0.0000 0.0000
−1.0000 1.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000




1.0000 −0.9930 0.0238 −0.0002
−1.0091 0.9969 −0.0242 −0.0005
0.0190 −0.0181 0.0012 −0.0017
−0.0017 0.0010 −0.0002 −0.0002

 [1.5ex]
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R30 MM
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Figure 5.28: The normalised Mueller matrix for the R30 sample for the image
section indicated in Figure 5.11. The calibration images were registered to channel
RP1 using science data.

As has been discussed in Section 5.9.2, the variation from the mean value for

each coefficient of each Mueller matrix is well within the expected values for each

of the RP1, RP2, TP1, and TP2 channels. It can be concluded that registration

by science data points has produced a more accurate calibration result with lower

variation across the FOV and a better matched experimental Mueller matrix. A

pattern still remains in the FOV of a number of coefficients in each of the samples

for AIR, P0, P90, and R30. The same pattern is found in Figure 5.24 for the

respective channels. The reason for this pattern can also be referenced in Figure

5.19 where there are insufficient points, and the areas absent of points are showing

this trend.

The results of the geometrical solution for registration by both image artefacts,

and science data have both shown positive results in terms of calibration along

the calibration axis. It is concluded that using science data points produces better

calibration results even with the assumption that these points in fact appear in the

calibration data. The results of the calibrated ECM samples are a clear indication
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Table 5.15: Theoretical and mean values for the normalised Mueller matrix of the
R30 ECM sample; registration performed using science data points.

MMP38 x̄


1.0000 0.0000 0.0000 0.0000
0.0000 0.0585 0.2347 −0.9703
0.0000 0.2347 0.9415 0.2419
0.0000 0.9703 −0.2419 0.0000




1.0000 −0.0010 0.0023 −0.0014
0.0083 0.0212 0.2259 −0.9689
−0.0040 0.2593 0.9217 0.2823
−0.0020 0.9720 −0.1346 −0.0545



that GASP is calibrated using a pixel-by-pixel method using the ECM.

5.11 Stability of the ECM

It is important to measure the stability of an instrument’s performance, and ac-

count for changes in the environment (or system) that could cause variations in

that performance. The system matrix was observed over a period of a few days

to verify the polarimetric stability of GASP. The ideal case would be to perform

multiple calibrations in a uniform laboratory environment but this was not pos-

sible for the time frame of this experiment. The imaging polarimeter design was

used to perform this stability test and 3 sets of calibration data are examined over

a period of 5 - 6 days. Registration is performed using the science data points

method as it yielded the most positive results for calibration verification.

In each case the calibration is performed using a similar LED light level and

exposure time. The filter used is R Band, from a set of Johnson filters, centred at

λ = 650 nm. The bandwidth is 100 nm. Data is recorded and analysed in exactly

the same way for each system matrix produced.
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Table 5.16: iXon Ultra 897 detector settings for the calibration data presented in
this section, and chapter.

Frame size (pixels) 512 × 512

Exposure Time (s) 0.0045

Amplifier (%) Electron Multiplying

RP TP

Sensitivity (e−/ADU) 4.84 5.16

Readnoise (e−) 81.34 88.85

A normalized matrix
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Figure 5.29: A calibration data set recorded using the settings in Table 5.16.
This calibration matrix was produced from data recorded at the beginning of
observation Night 3 at the Palomar 200 inch telescope.
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x̄ =


0.1766 −0.0874 0.1584 0.0029

0.1961 −0.0936 −0.1723 −0.0042

0.2266 0.1146 −0.0399 −0.1961

0.2864 0.1311 0.0507 0.2517

 (5.21)

A normalized matrix
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Figure 5.30: A calibration data set recorded using the settings in Table 5.16. This
calibration matrix was produced from data recorded ∼ 10 hours after the data
presented in Figure 5.29.

x̄ =


0.1766 −0.0846 0.1520 0.0043

0.1996 −0.0966 −0.1586 −0.0046

0.2254 0.1126 −0.0366 −0.1964

0.2810 0.1315 0.0422 0.2477

 (5.22)
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A normalized matrix
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Figure 5.31: A calibration data set recorded using the settings in Table 5.16.
This calibration matrix was produced from data recorded ∼ 6 days after the data
presented in Figure 5.30.

x̄ =


0.1766 −0.0851 0.1506 0.0074

0.1973 −0.0985 −0.1498 −0.0054

0.2257 0.1134 −0.0585 −0.1987

0.2814 0.1329 0.0515 0.2456

 (5.23)

Looking at Equations 5.21, 5.22, and 5.23, it is clear that the calibration stays

very stable over this period of 1 week. It should be noted that the data recorded

producing the image in Figure 5.31 was done after GASP was removed from the

telescope. The variation found between the same matrix gain coefficients is of order

1 - 2%. Coefficients where the values are expected to be close to zero value exhibit

higher percentage difference levels; these coefficients will be more influenced by

random noise variations, from the detector used, than those with larger values.

The largest variation between the 3 matrices appears to be on the TP2 channel,

or row 4, where the registration has shown less accuracy: The variation on the

gain coefficient reaches 2% in each case. The percentage difference on the second
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coefficient on each of the first and second rows appear higher, as do the values for

the third coefficient on the third and fourth rows. Looking at the theoretical PSA

in Equation 5.15, these values approach zero. This, again, stands true that any

random fluctuations matrix-to-matrix will appear as a higher percentage difference.

It is the conclusion of this section that GASP has shown a consistent calibra-

tion over a period of 6 days while the instrument was subject to movements of

the telescope and temperature variations in the telescope dome compared to that

of the Caltech laboratory. It is not possible to analyse any influence of temper-

ature change as this was not monitored, but it is an important point to note for

these results. Variation in the gain coefficients could potentially be influenced by

temperature fluctuations. Theoretically, the effect of random noise fluctuations

on a polarimetric signal have been investigated for GASP by Collins (2012). Fur-

ther Monte Carlo simulations were beyond the scope of this work, however, it is

an important experimental investigation to consider regarding the stability of the

calibration in a uniform environment.

5.11.1 ECM Calibration Verification using Science Data

Registration

The data used in Section 5.10.3 was also used to perform verification tests to

examine the performance of the polarimeter. A Stokes reduction analysis is per-

formed on the AIR sample used as part of the ECM. The polarimetric results of

sample are more straight forward to predict as the AIR sample does not require

any alignment in the laboratory.

The first stage of the test consists of rotating a linear polariser through 180◦

of the AIR sample. The intensity variation of the linear polariser, as a function

of input angle, can be found plotted in Figure 5.32. As the angle of the polariser

changes, the polarising beamsplitters (Wollaston prisms) will each measure an

orthogonal component of the light resulting in a sinusoidal pattern for each channel.

Figure 5.33 shows the polarimetric behaviour of the data in Figure 5.32, as a

function of input angle. The DOLP is expected to be constant at 100%. Theo-

retical plots for these data can be found in Collins (2012) where a more detailed

analysis of these tests can be found. The expected DOCP should give a constant
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Figure 5.32: Raw intensity plots from a calibration verification test using GASP
as an imaging polarimeter for an experiment using a rotating linear polariser.

measurement of 0%. The linear polariser could introduce a certain level of circu-

lar/elliptical polarisation depending on the quality/condition of the glass polariser

used during the experiment. The polarisation angle (PA) follows a linear trend

with the input angle. The input angle, the angle of the linear polariser, is mea-

sured by GASP and plotted as the output PA. The plot for the PA must be read

right to left as this is how the linear polariser was rotated. It is noted that the PA

is modular 180◦ in plots such as these.

Errors are found in the experimental data at the maximum value for the DOLP;

at times the values fluctuate above 100%. This is not a possible measurement,

however, it could be a result of error from registration, which has been discussed

earlier in the chapter. It is possible that this error is a result of a gain calibration

variation on one, or both detectors. If there is any minor misalignment to the

optical setup, between data acquisition, an error such as this could occur.

Figure 5.34 is a plot of the raw data, as in Figure 5.32, with the addition of a

quarter-wave plate (QWP) as the linear polariser was rotated. A sinusoidal plot
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Figure 5.33: Polarimetric results from a calibration verification test using GASP
as an imaging polarimeter for an experiment using a rotating linear polariser.

is observed as expected.

The results of the Stokes reduction using the linear polariser with the QWP can

be found in Figure 5.35. The linear polariser makes an angle with the quarter-wave

plate, which remains constant at 0◦. As the polariser rotates, this angular offset

between the two optics changes, which will cause the linear/elliptical and circular

polarisation to vary as a function of angle. As the linear polariser approaches

integer angles of 45◦, it will produce circular polarisation. This is because the

quarter-wave plate is offset by an angle of 45◦. The DOLP approaches 0% while

the DOCP approaches 100% for left- or right-circular polarisation (positive or

negative). The reverse occurs when the polariser is at 0◦ or 180◦ where the DOLP

approaches 100% and the DOCP drops to 0%.

The polarisation angle is behaving as expected. As the quarter-wave plate is

aligned to 0◦ and will produce a polarisation of 0 or 90◦ depending on the rotation

of the linear polariser, which rotates through 180◦.

These results are a close representation for what should occur theoretically.
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Figure 5.34: Raw intensity plots from a calibration verification test using GASP
as an imaging polarimeter for an experiment using a rotating linear polariser and
a quarter-wave plate.

The polarisation calibration elements are aligned in the laboratory, however, their

alignment is subject to error, and therefore the offset of the quarter-wave plate

with respect to the linear polariser may not be as expected. The important point

to note from these verification results is that when the DOLP is high, the DOCP is

low. It is also noted that errors occur when approaching maximum and minimum

polarisation limits. There are a number of reasons for why this may occur. A

lower value of DOLP could be measured if the rotation resolution of the polariser

was changed. 0% DOLP is difficult to measure when the source (as for the LED

experiments at the beginning of this chapter) may have some intrinsic polarisation.

A weakly polarised signal will be dominated by any nearby polarised signal, by

low SNR, or systematic errors from the instrument and post-processing such as

image registration.
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Figure 5.35: Polarimetric results from a calibration verification test using GASP
as an imaging polarimeter for an experiment using a rotating linear polariser and
a quarter-wave plate.

5.12 Concluding Remarks

Conclusive results that GASP works as a DOA polarimeter can be found in the

ECM results and laboratory experiments carried out using APD detectors. A

comparable system matrix to the theoretical PSA was obtained and reasons have

been presented for any deviation in these matrices. The ECM results has been

bench tested on experimental data using a linear polariser to generate a polari-

sation state with an expected DOLP value of 100%. The polarisation angle was

measured and yielded quantitative results for the accuracy of the ECM (∼ 0.2%

DOLP, 0.1◦ in the absence of systematic error), measuring a possible mechanical

movement in the system. An experiment was also carried out using an LED with

the assumption that this light is unpolarised. However, as there is no polarimetric

information made available by the manufacturer, this is a measurement made by

GASP, as the same system matrix was used to great effect on polarised data.

The data processing requirements using APDs are far less than that of imaging.
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This is evident in the APD analysis as there was no need for image registration

following acquisition, unlike that using the data sets from November 2012 at Palo-

mar. Imaging polarimetry involves the measurement of the partial/full Stokes

vector on a pixel-by-pixel basis across a scene (Tyo, 2006). The work carried out

with GASP employed this method of analysis, measuring the full Stokes vector.

It has been explained, using both methods above, that the components of a

photon of light entering the polarimeter for analysis are matched using a well

defined geometrical solution. Image registration can be performed in many differ-

ent ways using a wide variety of functions, but they all require a good sample of

matched data points between an input and reference image.

On examination of the calibration data, a number of artefacts were found in

the surrounding FOV. These artefacts were not densely scattered across the field,

but were more localised in the edges (sparse at the centre FOV) of each channel,

particularly each TP channel. However, these artefacts were available data points

that could be matched based on their edges and corners, rather than assuming

centres. It has been noted that there is an element of error introduced by the

user’s determination of where an edge/corner begins or ends and this must be

taken into account as an added systematic error in spatial registration. It is also

noted that the results of the RMS results using geomap are an indication of how

well these edges/corners have been matched image-to-image.

The matched data points, or artefacts, were tested under a number of condi-

tions by varying the choice of function, and examining the RMS values. This has

been discussed in detail but it was concluded that the choice of combination of

artefacts had no impact on the final geometrical solution used in terms of RMS

or image residual values. On examination of the final calibration results errors

in residuals, a systematic variation in the FOV show a correlation with improper

image registration. However, calibrated data for each of the ECM samples have

shown that, in spite of the limitation of this method, it can reconstruct each

Mueller matrix to a reasonable degree of accuracy (∼ 5% variation of the mean).

This is also found using points that are not in the area of interest of the FOV.

The image area used for calibration (where most of the observational targets were

located) did not contain any image artefacts, and so an assumption is made that

a geometrical solution for a different area of the field can be used. There are rea-
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sons to suggest that the errors found here indicate large optical distortions in the

field, leading to the systematic patterns found. To properly model the distortion

variation on the chip, one would require multiple frames of a moderately crowded

field, which was not available for this particular data set.

An alternative method was also explored using science data information found

by matching points from one of the nights observations. This also gave image

residuals that showed systematic error, which were also present in calibration sys-

tem matrix results. These data points do, in fact, appear in an area of interest in

the calibration field; however, they do not actually appear as points in calibration

data. The results of this method show improved calibrated ECM samples, leading

to concluding that this has shown that GASP is in fact calibrated along its calibra-

tion optial axis. The systematic patterns are less evident, and the patterns that

are present are indicative of the areas of the FOV which lack registration points.

A first-order analysis has been discussed, related to work by Smith et al. (1999),

for how error propagation will occur through misregistration. Further analysis of

GASP as an imaging polarimeter is required to establish a more accurate error

through calibration and polarimetric reduction.

There are other errors that could corrupt calibration, apart from image reg-

istration. These are difficult to distinguish in the case of GASP as there is no

perfect geometrical solution in terms of the optical alignment. Other inaccuracies

can occur as a result of artefacts inherent to experimental equipment, or dust in

the system could be an issue. An intensive analysis using Zemax would give a

well defined optical description that would allow the observer to limit the level of

distortion that increases difficulty in image registration.

GASP has also shown a consistent calibration over a period of 6 days. This has

included many movements of the telescope on sky and while unmounting. There is

the possibility that temperature variations in the telescope dome compared to that

of the Caltech laboratory could cause instability, however this was not possible to

analyse as it was not monitored. The main source of the variation in the system

matrix is concluded to be that of random fluctuations in the detector, however some

systematic effects are found on the TP2 channel that also present here. These have

been discussed and concluded to mostly likely be a result of insufficient points for

image registration. The error found here will be a combination of this random and
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systematic variation.

It is the conclusion of this chapter’s analysis that the ECM works excellently

using DOAP for the GASP polarimeter. The results of the APD polarimetric

analysis provide a certainty of the accuracy of the ECM when reconstructing the

Stokes vector.

The calibration results for GASP as an imaging polarimeter were less accurate

albeit, a more difficult system in terms of analysis. Two registration methods

were examined, both showing positive calibration results across a selected field.

Reconstruction of the Mueller samples indicate the instrument is calibrated cor-

rectly when it produced accurate values for the coefficients of each sample with a

low level of variation for the science data registration method. This is clear when

looking at the results in Section 5.9.2 and 5.10.2 by examining the Mueller matrix

samples reconstructed by the ECM.

Calibration verification results give an indication of the instrument’s capability

of measuring a range of values for the DOLP and DOCP. The measurement for the

polarisation angle show how GASP can remeasure the input angle after calibration.

The minimum DOLP values measured could indicate possible limitations for the

instrument at this level of polarised signal; comparisons can be drawn with the

unpolarised LED experiment. A close representation of the theoretical results were

found, however, a more detailed analysis of these tests can be found in Collins

(2012).

A redesign of the imaging optics is a future consideration, fully mapping the

theoretical distortions to improve the results of calibration. Secondary to this,

remodelling the GASP PSA to reduce the constraints placed on optimisation of

retardance of the prism could yield a more flexible design. The optical/geometric

distortion is varying from the centre of the chip to the edge; and there are not

enough points to model this distortion: This has been explored in Section 4.4.1.

Theoretically the distortion could be modelled by binning the data, however a

problem occurs whereby image resolution is lost, resulting in the loss of common

points, between the frames. There is a further complication in a difference between

calibration and science channels. It became clear during the initial stages of image

registration, that the optical axes of calibration and science were not matched well

enough, and this is a requirement for the ECM; this problem can be solved by
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registering every frame to one reference frame in calibration. This did not appear

to be a great concern when using these science points to match calibration frames

in the FOV of interest, but it is clear that some improvements can be made. Less

error will be introduced when the verification data for the ECM samples has been

recorded on the same axis as the calibration data; pixel-matching between axis is

not required here. Some observational results are presented in Chapter 6. Based

on the results in this chapter, the method of registration using science data points

appears to yield the most positive result.
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Chapter 6

Observational Results

6.1 Introduction

GASP embarked upon a 4 night observing campaign in November of 2012 at the

Palomar Hale 200 inch telescope. From the 4 observing nights allocated, only

2 nights yielded data due to bad weather conditions and high humidity. GASP

was used as an imaging polarimeter using detectors capable of imaging at a speed

of 1000 frames per second (fps). The results presented in this chapter include a

number of polarisation standards to test the performance of GASP as a polarimeter

and find, if any, a value for any instrumental polarisation.

Polarimetric measurements of a set of data taken at twilight are also presented.

These data were recorded while the telescope was pointed at the Zenith. The

data was recorded for approximately 35 minutes while the Sun was rising using a

Johnson R Band filter. One of the objectives of this experiment was to measure

the change in the polarisation angle of the Sun as a function of this 35 minute

period.

All polarimetric reductions in this chapter were performed in a similar way to

the calibration verification test in Chapter 5.6 whereby the Mueller matrix of each

ECM samples was reconstructed to measure how well GASP was calibrated. The

following expression is used to calculate the Stokes vector, S, of the Zenith data:

S = A−1I, (6.1)

where I represents the intensity recorded by each channel, i1 - i4 and A is the
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calibration matrix for each section in the same area of the field sampled for the

Zenith flat-fields. It is noted that this science data has been recorded on a different

axis to that of the calibration data. Data binning is carried out to reduce any offset

was introduced by this discrepancy. The calibration result produced in Section

5.10.2 were successful using a registration technique with science data points and

this result is used in Equation 6.1. It is noted that there were remaining registration

errors found in the calibration analysis that could lead to error in science data

polarimetric analysis over the FOV. A pixel-by-pixel analysis is carried out in this

chapter, however, to reduce any remaining error a method of aperture photometry

is also explored.

Two methods of polarimetric analysis will be used to present this data, which

will be dependent on the experiment or observation carried out. A pixel-by-pixel

analysis was used in Chapter 5, and will be used on a set of Zenith flat-field

data. Polarimetric analysis using aperture photometry will also be used on these

flat-fields and on a number of polarisation standards observed on the same night.

6.2 Polarisation Standards

GASP observed two polarisation standards on the fourth observation night at

Palomar. The polarimetric information, from the literature, can be found in Table

6.1. The analysis to follow was carried out using aperture photometry. The image

quality of the data sets was not sufficient to perform a pixel-by-pixel analysis. This

type of analysis was not necessary to characterise the stability and performance of

the polarimeter.

The observation logs from Night 4 of the GASP observing run in November

2012 show that the seeing reached about 2 ′′ in the early stages of the night, once the

dome was open. There was also poor observing conditions for the 2 days previous

to Night 4 where Palomar Mountain experienced snow, rain and heavy fog. It was

late into the night before the dome could be opened as the humidity was quite

1Observations at θ = 177.1◦ at 529 nm; Sun elevation of -5.9◦.
2Cronin et al. (2006)
3Integrated data.
4Phase averaged.
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Table 6.1: Integrated polarimetric information in the literature for targets observed
by GASP at the P200 in November 2012.

Target Filter V Mag DOLP (%) PA (◦) Ref

HD12021 B 8.86 0.11 ± 0.02 160.10 ± 5.21 Schmidt et al.
(1992); Turnshek
et al. (1990)

BD25727
R

9.50
6.39 ± 0.04 32.6 ± 0.2 Turnshek et al.

(1990)

V 6.15 ± 0.09 32.6 ± 0.4 Turnshek et al.
(1990)

Skylight flat R - 73.9 ± 1.41 ∼ 252 Gehrels (1962), see
also Cronin et al.
(2006); Ugolnikov
and Maslov (2009)

Crab pulsar V 16.5 5.2 ± 0.3 105.1 ± 1.6 Moran et al.
(2013)3

5.4 ± 0.1 96.4 ± 0.2 S lowikowska et al.
(2009)4

Trimble 28 V - 1.6 ± 0.2 147.5 ± 3.7 Moran et al. (2013)

Crab pulsar &
Knot

IR - 9.8 ± 0.1 109.5 ± 0.2 S lowikowska et al.
(2009)

high, and remained high for a time after the dome opened. This lead to a settling

period, in terms of the seeing, for the telescope, and hence observations recorded

by GASP. It is not known how much cloud cover occurred on the same night,

however, it was noted to be intermittent. The seeing improved towards the end of

the night. The last recorded value was 1.2 - 1.5 ′′. Polarimetry is basically a very

accurate differential photometry technique and polarimetric observations require

stable observing conditions, if not the degree of polarisation will be overestimated.

This means that any changes in the seeing and transparency of the atmosphere

should be minimal and, overall, occur slowly during the observation.

The radial plots from the polarisation standards indicate that this is consistent

with the recorded values for the FWHM. It was difficult to focus the telescope

during periods of poor seeing. The polarisation standard HD12021 was recorded

at the beginning of the night. The standard BD25727 was recorded at a later stage
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when an improvement in seeing was observed, 2 hours later.

The radial aperture size used was approximately equal to the FWHM of the

target. An aperture of this size contains almost 70% of the target’s flux, excluding

scattered flux in the target wings. Due to poor seeing, and detector oversampling,

the target observed tended to cover a large area of the FOV. The registration

has been shown to be non-uniform therefore, it was necessary to reduce the area

chosen for photometry to prevent further error from blurring of the PSF. It has

been discussed that the spatial results from the calibration varied outward from

the centre of the FOV.

6.2.1 Data Reduction

Table 6.2 contains the observation notes for each polarisation standard observed

on Night 4. There is a time lag in observing where the atmospheric conditions

changed; this makes it difficult to account for instrumental polarisation effects.

Table 6.2: Observational logs summary for the polarisation standards observed by
GASP on Night 4.

Target Filter Exp Times (s) # Frames UT recorded

BD25727
V 2 30 06: 29 : 08

R 2 60 06: 31 : 46

HD12021
V 2 30 04: 37 : 28

R 2 30 04: 40 : 02

The choice of aperture size has already been discussed. Figure 6.1 shows all

four GASP channels and the choice of aperture for photometry. The image quality

for HD12021 after data reduction is not ideal. There is a remaining scaling and

rotation difference on TP1 and TP2 compared to RP1. The data was binned 4 ×
4 post-processing to reduce this error but the optical distortions are greater than

what can be rectified in software. A sky background level was removed but it was

found not to have any significant effect on the polarimetric signal; the SNR was
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Figure 6.1: Registered images for polarisation standard HD12021 taken in a clear
filter. The RP1 images displays the location of the radial aperture (3 pixels),
annulus (8 pixels) and dannulus (3 pixels). Sky background subtraction was found
to make very little difference to the polarimetric measurements. The data has
been binned 4 × 4 post-processing. Top LHS: RP1, top RHS: RP2, bottom LHS:
TP1 and bottom RHS: TP2.

measured to ∼ 800 per channel.
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Figure 6.2: A radial profile plot for the RP1 (LHS) and TP1 (RHS) channels
of HD12021 for the registered images. These plots are found from the images is
Figure 6.1. The size of the radial aperture chosen for photometry is equal to the
FWHM of this target, which is almost identical in both channels. It is noted that
the FWHM varies from 4 - 6 pixels for the duration of this observation.
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Figure 6.3: Registered images for polarisation standard BD25727 taken in the R
Band filter. The RP1 images displays the location of the radial aperture (3 pixels),
annulus (10 pixels) and dannulus (3 pixels). Sky background subtraction was also
found to have minimal variation on this target’s polarimetric measurements. The
data has been binned 4 × 4 post-processing. Top LHS: RP1, top RHS: RP2,
bottom LHS: TP1 and bottom RHS: TP2.

Figure 6.2 gives the radial plots for HD12021 on the RP1 (LHS) and TP1 (RHS)

channels. A PSF is fitted to this target giving the FWHM radius of about 3 - 4

pixels. There is some scatter on the fitting as the fit approaches the target wings.

This could indicate that the image is properly in focus, or a poor level of seeing.

There is some variation in shape, mostly registration error, when comparing TP1

to RP1. This is not observed in the radial plots.

The image quality in Figure 6.3 is improved compared to HD12021. The

HD12021 target on TP1 and TP2 show greater distortion than the BD25727 im-

ages on the same channels. BD25727 has less residual error from registration,

based on image quality. Each channel is higher on the chip than HD12021, which

shows that field position is a function of the optical distortion present in the sys-

tem. However, in each case, the data is calibrated. To avoid errors from data

reduction in spatial polarimetry, aperture photometry finds a mean flux value for

the target per channel.
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Figure 6.4: A radial profile plot for the RP1 (LHS) and TP1 (RHS) channels of
BD25727 in the R Band filter for the registered images. These plots are found from
the images is Figure 6.3. The size of the radial aperture chosen for photometry is
equal to the FWHM of this target, which is almost identical in both channels.

The radial plots for BD25727 show a tighter PSF fit compared to HD12021

resulting from minimal errors in focus or seeing on this target. TP1 shows some

scatter but overall a closer fit compared to HD12021. It is noted that the SNR

for BD25727 was not as high as that from HD12021. These plots do not indicate

that there is any variation in profile or shape between the channels. RP2 and TP2

are identical to their respective paths. These plots indicate that about 80% of the

light from the target lies within the FWHM and is sufficient for polarimetry.

The raw intensity plots for the HD12021 data sets, see Figures 6.5 and 6.6,

show large fluctuations in intensity as a function of time. The level cloud cover

or atmospheric turbulence was not recorded, but the measured seeing was high,

∼ 2 ′′. The time series plots give some information regarding the behaviour of the

source over time, but a change in seeing is indicated by the temporal stability of

the FWHM of the target. Error bars have been omitted for all of the plotted time

series’. The level of error that can be plotted is either, a SNR error, or a standard

deviation in the time series. The time series’ have been plotted to investigate the

level of atmospheric variability for that data set.

Regarding HD12021, measuring a value of zero percent is a difficult undertaking

with any polarimeter, including unknown effects as a result of poor observing

conditions. The polarimetric results from this target demonstrate that there is a
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Figure 6.5: A plot of Stokes I and the DOLP for the polarisation standard HD12021
in the clear filter. There is a large variation, ∼ 20% of the maximum value, in
Stokes I as a function of time (x axis refers to frame number). This variation could
indicate movement of clouds, or the target moving in and out of focus.

strong possibility of an instrumental polarisation effect: this will be discussed in

Section 6.2.2. It is noted that GASP has already demonstrated in the laboratory

that it can measure a value as low as 3.7%.

The error measured on these targets is calculated from the SNR. Each target is

quite bright, 8/9 magnitude, and the errors quoted are low indicating a SNR error;

the instrumental polarisation must be calculated separately. A weakly polarised

target will be dominated by any other polarised signal present in the data. There

is also a possibility of induced polarisation due to poor observing conditions.

The DOCP is also plotted as a function of time. The variation is quite large,

and comparable to the plot for DOLP in Figure 6.5. A changing/turbulent atmo-

sphere could be an indication of this variation. The R Band filter is also plotted in

Figure 6.8. Using a filter could block some of the light that is causing this increase

in polarisation as the mean value for DOCP in R Band is lower than that in clear.

The results of the polarisation standard BD25727 are more promising. Each

set of data in each filter is plotted as a function of time in Figures 6.9 and 6.10.

There is higher variability in the Clear filter compared to R Band, and Stokes I in
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Figure 6.6: The same as Figure 6.5 but using the R Band filter. Less variability
is observed but Stokes I is much lower due to the filter. The value in the DOLP
jumps higher as Stokes I drops. This could be related to scattering light from
transmission through a variable atmosphere.

R Band shows a trend of increasing flux against decreasing DOLP. The R Band

filter shows some improvement in stability for Stokes I. This data was recorded

during a period when the seeing had improved. The errors found are quoted but

these refer to the Poissonian error due to the level of counts in photometry, it

does not include any error from registration, which has been discussed in previous

reports, and is difficult to measure. The polarisation angles have been corrected

for telescope orientation. This was done using a set of Hubble Space Telescope

(HST) data and computing the rotation of the GASP RP1 image compared to

the HST for normal sky orientation. The polarimetric results for each target are

summarised in Table 6.3.

The expressions used to find the errors in Table 6.3 can be found in Appendix

A.

5See reference above.
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Figure 6.7: A plot of Stokes I and the DOCP for the polarisation standard
HD12021 in the clear filter. The x axis refers to frame number. This variation
could indicate movement of clouds. There is also the possibility of a change in
target focus over time.
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Figure 6.8: The same plot in Figure 6.7 but using the R Band filter.
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Table 6.3: Polarimetric results for the polarisation standards observed by GASP
on Night 4. Sky subtraction has been performed on each set of data. Polarisation
angle has been corrected for telescope orientation. The difference in aperture size
taken is a result of a changing FWHM for each target in each filter. A radial
aperture equal to the radius of the FWHM was used. The expected result for the
polarisation standards, including filter if given by there reference, is also stated.

Target Filter Source Radial aperture
size (pixels)

DOLP (%) DOCP (%) PA (◦)

HD12021 GASP
R 4 7.35 ± 0.07 1.01 ± 0.15 53.76 ± 0.71

V 4 6.82 ± 0.20 5.42 ± 0.13 87.84 ± 0.57

Expected5 B - 0.11 ± 0.02 - -

BD25727
GASP

R
2 6.65 ± 0.49 -0.89 ± 0.28 29.26 ± 1.43

Expected - 6.39 ± 0.04 - 32.6 ± 0.2

GASP
V

3 7.10 ± 0.12 -0.19 ± 0.16 33.48 ± 0.70

Expected - 6.15 ± 0.09 - 32.6 ± 0.4
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Figure 6.9: A plot of Stokes I and the DOLP for the polarisation standard BD25727
in the clear filter. There is some variation in Stokes I, which seems to follow
a more random pattern of variation with DOLP compared to HD12021. Each
measurement is plotted as a function of time (x axis refers to frame number).
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Figure 6.10: A plot of Stokes I and the DOLP for the polarisation standard
BD25727 using the R Band filter. Some variability is observed and Stokes I is
higher. This could be a result of improved observing conditions. As Stokes I in-
creases the value in the DOLP begins to drop, fluctuating around its mean value.

The DOCP is also plotted as a function of time for BD25727. The variation

is quite large, and comparable to the plot for DOLP in Figure 6.5. A chang-

ing/turbulent atmosphere could be an indication of this variation. The R Band

filter is also plotted in Figure 6.8. Using a filter could block some of the light that

is causing this increase in polarisation as the mean value for DOCP in the R Band

is lower than that in clear.
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Figure 6.11: A plot of Stokes I and the DOCP for the polarisation standard
BD25727 for a clear filter. The x axis refers to frame number. This variation
could indicate movement of clouds, or the target moving in and out of focus due
to seeing variation.
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Figure 6.12: The same plot in Figure 6.7 but using the R Band filter.
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6.2.2 Instrumental Polarisation

Taking the above analysis into account the instrumental polarisation must also be

calculated. In order to do this, a zero polarisation standard must be observed.

It is not accurate to assume that all optics preceding the PSA do not introduce

some polarisation. The calibration method outlined in Chapter 5 explains how no

assumption is made about the optical system as long as it is not altered between

calibration and experimental work. However, to show the effect of instrumental

polarisation, all optics before the PSA, which include telescope mirrors, and f/16

to f/9 lenses, can introduce an artificial polarisation which will depend on the

position in the field.

In order to measure instrumental polarisation the first observation must be of

a 0% polarisation standard. Ideally, a number of zero standards would be required

to accurately determine the instrumental polarisation of GASP on a particular

night. In this case, the observational result from polarisation standard HD12021

can be used. It is not certain what is causing a measurement of ∼ 6% polarisation.

It has already been discussed that atmospheric effects could be a factor however

it is more likely to be an instrumental error.

According to Patat and Romaniello (2006), it is important to note that the

instrumental polarisation is not removed by the sky background subtraction. It is

also discussed that instrumental polarisation is independent of the object’s inten-

sity. Based on an instrumental polarisation p, and instrumental polarisation angle

ϕ, Patat and Romaniello (2006) showed that,

P =
√
P 2
0 + p2 + 2P0p cos 2(χ0 − ϕ), (6.2)

where P is the observed polarisation, and P0 and χ0 are the expected polari-

sation and polarisation angle, respectively.

From this expression, it is clear that when P0 � p, then P ' P0. In the

case that an object and the measured instrumental polarisation are comparable

(p ' P0), the observed polarisation is approximately given by,

P =
√

2P0

√
1 + cos(2(χ0 − ϕ)). (6.3)
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The main difference between instrumental polarisation and a polarised back-

ground is that the latter is effective only when the background is & I (Patat and

Romaniello (2006) discuss this in more detail), while the former acts regardless

of the object intensity; the important element in the measurement is its polarisa-

tion. The authors also discuss how an average instrumental polarisation can be

calculated when a known source of a particular polarisation is observed.

HD12021 was used to measure the instrumental polarisation as it is a zero

polarisation standard. Equation 6.3 is used for p ' P0 as well as the information

from Table 6.1 for the clear filter observation. The DOLP that should have been

measured by GASP is 0.07 ± 0.2%. Therefore, it is expected that if HD12021 was

observed again, in similar conditions, that it would measure a value for the DOLP

of 6.82 ± 6.80%. Applying this to BD25727, for the same filter, the instrumental

polarisation was calculated to be ∼ 6.8%. Equation 6.3 is used as p ' P0 , i.e. the

instrumental polarisation is equal to the expected value in the literature, and this

gives a DOLP of 7.01%, which is in agreement with what was observed by GASP.

For the R Band filter, the measured instrumental polarisation was 7.35% for

HD12021. This gives an expected DOLP of 0.062%. The instrumental polarisation

in R Band was also used to determine the expected DOLP for BD25727. It was

found that P0 < p. The DOLP measurement obtained by GASP for BD25727 is

the expected value from the literature. This indicates that there is no instrumental

polarisation effect acting on this data, or that the value has changed. If Equation

6.3 is applied for p ≥ P0, the DOLP was found to be 11.92%. The polarisation

is overestimated; however, if GASP repeated the measurement for the DOLP of

this target, using this filter, 11.92% is an acceptable upper limit for this level of

instrumental polarisation. As can be seen in Table 6.3, GASP has calculated a

value of 6.65 ± 0.49%.

The results of this instrumental polarisation calculation indicate that either

the instrumental polarisation has changed over the course of the night, or that

this calculation is only valid for sources, which are weakly polarised where GASP

overestimates the polarisation. The atmospheric variation between these targets

could also lead to an error in using this instrumental polarisation.
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6.2.3 Conclusions

It is difficult to judge the result of the polarisation standard HD12021. The seeing

and general observing conditions changed quite rapidly as the night progressed.

Data from another polarisation standard would have been required immediately

after HD12021 to measure any instrumental polarisation effect. Polarimetry is

a very accurate differential photometry technique and requires stable observing

conditions. The level of polarisation will be overestimated if not. It is almost

certain that HD12021 is not circularly polarised - and any measure of DOCP from

this source implies instrumental or, more likely atmospheric errors and can be

found from the variation in the time series.

The results from BD25727 are more promising and give an idea of any instru-

mental polarisation towards the end of the night. Some atmospheric instabilities

are also present in this data. Variation in polarisation as a function of passband is

unknown and has not been measured in the laboratory accurately. The variability

in the polarimetric results for each standard, for non-ideal observing conditions,

demonstrate that GASP is performing well on Night 4. It is not a limitation of

the instrument as GASP has been found to measure polarisation at lower values

(the LED calibration experiments).

HD12021 was used to determine the instrumental polarisation for this obser-

vation night in both the clear and the R Band filter. Acceptable results from

these instrumental DOLP values were determined for the polarisation standard

BD25727. To determine a more accurate estimate for the instrumental polarisa-

tion, a larger number of polarisation standards is required per night of observation.
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6.3 Zenith Flat-Field Observations

A series of images were recorded, over a 35 minute period, at twilight on the last

night of observations during the Palomar November observing campaign. Data

was recorded continuously as the Sun was rising. By taking data like this we can

measure how the polarisation of the sky changes with respect to the elevation of

the Sun over time, i.e. we expect that the polarisation of the sky will increase over

time. This type of experiment gives valuable information of how well registered the

GASP data is, and measures the limit of the polarimetric variation over the FOV.

It is also a very interesting experiment to perform using GASP to determine a

measurement of the degree of linear polarisation, and change in polarisation angle,

of the twilit sky over time.

Some outstanding registration problems were evident in certain areas of the

FOV based on the results found in Sections 5.9 and 5.10. This analysis will help

by confirming the performance of the GASP calibration. The Zenith data was

recorded as 3 data cubes6. The first was binned for 48 frames (48 seconds) and is

the first image in the figures to follow. Images 2 - 11 are averaged over 200 frames

(3.3 minutes). The final image, where the sky was the brightest for this data set,

is an average of 134 seconds of data.

The conclusion of Chapter 5 was that the registration technique using science

data points gave the best polarimetric results when verification of the data was

carried out. This method, with some variation, is what is used to register the

science data presented in this chapter. Registration of calibration data is performed

by, firstly using the science data points in Figure 5.19 to match RP2, TP1, and

TP2 to RP1 for the science images; secondly, the solution for image artefacts that

match RP1 science to RP1 calibration are used to match science to calibration.

These artefacts can be found in Figure 5.8.

The registration of RP1 science to RP1 calibration was at the sub-pixel level

for pixel shift and no magnification difference is found. The angular rotation is

also much less than 1◦: This does not change the results of the final calibration

registration, and the calibration matrix is unaltered compared to that found in

Figure 5.24. The results of the geomap fit can be found at the end of this section

6A data cube is a single FITS file containing header information and N number of images.
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Table 6.4: geomap output for matching RP1 science to RP1 calibration.

x shift (pixels) 0.32

y shift (pixels) 0.60

x magnification 1.00

y magnification 1.00

x rotation (◦) -0.12

y rotation (◦) 0.13

in Table 6.4. The points, found in Figure 5.19, lie in 11 × 11 pixel area with

variation in the y coordinate, but little in the x. The area of interest is the region

where the Crab pulsar is located, indicated by the orange box.
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6.3.1 Science Data Pixel-by-Pixel Analysis

Figure 6.13: All registered GASP channels for a full flat-field frame using science
data points and image artefacts. A pixel-by-pixel analysis will be analysed in this
chapter on the area indicated by the orange box. Top LHS: RP1, top RHS: RP2,
bottom LHS: TP1 and bottom RHS: TP2.

This section uses the geometrical registration solution in Section 5.10 to register

the Zenith flat-field data. The system matrix found in Figure 6.14 is used to

perform the Stokes reduction.

This method makes use of science data found in Figure 5.19, which has been

addressed in detail in Section 5.10.

These points are not found in the calibration data therefore, an assumption

is made that the science points in RP1 science channel are matched to those in

RP1 calibration channel, and so the same geometrical solution can then be used

on RP2, TP1, and TP2 calibration channels as those on their respective science

channels. To reduce this assumption the RP1 calibration channel is also mapped

to the RP1 science channel and this solution is also used on the RP2, TP1, and

TP2 channels, as these have already been mapped to RP1 science. As has already
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Figure 6.14: The experimental calibration matrix for the image section indicated in
Figure 6.13. The calibration images were registered to channel RP1 using science
data.

been discussed, this process has no impact on the final result and this is evident

based on the results in Table 6.4.

The location of the orange box in Figure 6.13 was chosen for a number of

reasons. It spans a region that includes the coordinates of the targets on Nights

1 and 4. These points were used for image registration and so this area will be

registered using a solution that is matched with this location. Other locations of

the field were examined to find an area with minimal variation. There is a banding

at the top RHS of the TP2 channel where there is a gradual gradient, in a diagonal

direction, from this banding. This banding is present in all locations of the TP2

field and cannot be removed/reduced.

Taking a look at the image registration residuals, RP1 calibration channel

is used as the reference channel and the variation of counts across the field is

shown for pattern comparison in the residuals. RP1 shows an inhomogeneity across

the field. This could indicate that the light is not distributed in a uniform way

across the optics/prism-rhomb, and this is inherent to optical systems such as what
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Figure 6.15: Image residuals for the flat-field section indicated by the orange box
for RP1 (top left image) in Figure 6.13: Science data points are used to perform the
image registration. The colour bar indicates the percentage intensity remaining
when the normalised channel is removed from the normalised reference channel,
RP1 calibration channel.

has been developed for GASP (see Section 4.4.1). This variation/inhomogeneity

appears to be present across each path, however, the registration should take

care of the variation on the 3 registered channels compared to the reference. As

the polarimetric result is dependent on a relative intensity measurement, as long

as the variation across the field is comparable to each subsequent channels, any

inhomogeneity should not have a negative impact on the result.

There appears to be a decrease in the percentage residuals on RP2 compared

with using image artefacts; however, this is only valid for a small area in the FOV

and the pattern across the field is more evident. In the case of RP2, TP1, and
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TP2 the systematic error is a banding or elliptical pattern for each TP image and

a striped or banding for RP2.

6.3.1.1 Polarimetric Results

Table 6.5 is an approximation of the expected variation in polarisation angle over

the time frame for which GASP recorded the Zenith flat-fields. The results that

follow will be compared to this table. A known value for the variation in DOLP

is not known at this time but is compared to the absolute value in Table 6.1.

Table 6.5: Expected polarisation angle variation over the same 35 minute period
of observation by GASP for Zenith flat-field data. The first time is not usable as
we are measuring from this value: The ∆PA values are measured from here.

Flat-
field

1 2 3 4 5 6 7 8 9 10 11 12

Time
(mins)

0.47 2.45 5.75 9.05 12.35 15.65 18.95 22.25 25.55 28.85 32.15 35.55

∆PA (◦) - 0.42 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.71

The values for time in Table 6.5 were calculated from the time-stamps in the

header (data information) files. The Sun moves 1◦ in 4 minutes, however, the

altitude of Palomar Mountain must also be taken into account. The elevation was

+32.3◦. Therefore, taking the cosine of the elevation, the actual change in PA is

0.84◦ in 4 minutes. The times given in Table 6.5 are the midpoints of the recorded

data - taking into account delays in acquisition due to stoppages.

A theoretical description can be determined for the behaviour of the DOLP.

The following expression, known as the Rayleigh Sky Model, gives the value for

the degree of linear polarisation calculated as a function of the absolute angle for

a reflected beam of light,

DOLP(γ)=
1− cos2 γ

1 + cos2 γ
. (6.4)

In this case, γ refers to the scattered angle, which is formed between the point-

ing (telescope) and the Sun. The polarisation angle, θ = 90◦ − γ, or the angle
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formed by the Sun with the Zenith. It is found that as the scattered angle in

Figure 6.16 increases, the DOLP also increases. It can also be shown that if the

DOLP was plotted as a function of increasing (absolute) θ the value of DOLP will

decrease. A detailed experiment of how this model describes the E vector was

carried out by Suhai and Horváth (2004).
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Figure 6.16: A plot of the DOLP as a function of scattering angle according to
Equation 6.4. The DOLP is observed to change more rapidly after ∼ 20◦, slowing
down from ∼ 80◦. These angles refer to absolute values, and not ∆γ values.

Stokes reduction was run for the flat-fields registered using science data points.

The results for the DOLP can be found in Figure 6.17; the DOLP, DOCP, and PA

are measured over a 35 minute period at twilight, as the Sun was rising. There

is a clear systematic trend in the DOLP across the 6 × 6 ′′ square FOV. It is

unclear what is causing this trend, however, it has been found that the calibration

matrix, in Figure 6.14, shows a very similar pattern in this same location for the

gain coefficients on RP2, TP1, and TP2. The reconstructed Mueller matrix ECM

samples also show these trends, to a lesser effect.
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Figure 6.17: Degree of linear polarisation found using a registration method by
science data points. The mean and σ values are given in the title of each flat.
The image has been flipped and rotated compared to the images in Figure 6.13
to match the telescope correction. This is the reason for the blue pixels at each
corner of the image. The PA vectors are also plotted. The σ value refers to the
random and systematic error over the FOV of interest in Figure 6.13 for the 3 ×
3 pixel area indicated by the rectangle on the final image.
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It is also observed that, over time, a systematic effect becomes evident. This

could be a result of the change in light level as the Sun rises. It is a possibility that

when fewer photons strike the EMCCD there is a combined effect from random,

and systematic variations. This also gives an incorrect gain representation of

the flat-field for each of the GASP channels, which is difficult to discern in this

data with an uncertainty such as pixel-matching. This raises a concern where

there could be an intensity threshold below which it is not possible for GASP to

make a sensible polarimetric measurement. The bias frame, that is removed from

this data (and calibration data), was carefully examined and it was found not to

show systematic variation across the FOV comparable to what has been found in

the residuals in Figure 6.15. Any gain error will be a result of calibration, and

additionally in any science data. Insufficient pixel-to-pixel matching is the mostly

probable cause due to a lack of registration points in the location of these patterns.

This was also observed in the calibration matrix, and MM samples.

A similar trend in the pattern for the polarisation angle (PA) is found in Figure

6.18. The mean and σ values are taken from the 3 × 3 pixel area highlighted in

the last frame in Figure 6.17. Quite a low error value has been found here in a

reasonably flat section of the field, comparable to the same area in the polarimetric

measurements for the PA and DOCP. The same areas of the FOV as those for

DOLP show a gradual gradient in the pattern, particularly from the bottom left

to top right corner. This area is also present in the registered TP2 images and

appears in the calibration matrix and reconstructed Mueller matrices of the ECM

samples. It is noted that the polarimetric results have been flipped and rotated to

account for the telescope orientation on the sky. This has not been performed for

the calibration measurements. The pattern is visible from top left to bottom right

of this image, as it is in Figure 6.17 if the image was flipped 180◦ along the y axis.

The variation in pattern is a close match to the image of the TP1 gain coefficient

in Figure 6.14. A comparison can also be made between the gain coefficient for

the polarisation angle and RP2. This makes sense as the gain coefficient for RP2

and TP1 are used to calculate the values for Stokes Q and U respectively when

calculating the PA.
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Figure 6.18: Polarisation angle found using a registration method by science data
points. The mean and σ values are given in the title of each flat. The image
has been flipped and rotated compared to the images in Figure 6.13 to match the
telescope correction. This is the reason for the blue pixels at each corner of the
image. The σ value refers to the random and systematic error over the FOV of
interest in Figure 6.13 for the 3 × 3 pixel area indicated by the rectangle on the
final image.
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It has been discussed in Chapter 5 that errors in misregistration can lead to

large errors in measured values for DOLP and DOCP. The GASP system has been

compared to work carried out by Smith et al. (1999) where, if GASP measures a

pixel error of ∼ 0.3 pixels (propagation of the RMS errors in all 3 channels for 4

× 4 binning), this could result in ± 6% error in the DOLP and DOCP. An error

for the PA has not been stated by the authors. There is variation in the pixel-

to-pixel values measured by the GASP system that are comparable to this result,

showing that the errors found in image registration will result in variation of this

order. It is also noted that, there are points in the FOV used that do not have

matched points channel-to-channel - the misregistration errors are not known for

these positions but are expected to be similar to those stated.

The first 6 frames show a combination of random and systematic error in the

results for the DOLP. This has not changed when measuring the PA and the

conclusions are the same in terms of the calibrated gain of the system. It has been

discussed, above, how the polarisation angle varies over time, from frame-to-frame.

As indicated in Table 6.5, over a 35 minute period the expected change in angle of

the Sun with respect to the Earth is ∼ 6.3◦. This means that from start to finish

we expect to see a swing of this size angle.

Similarly, the pattern in the images for the DOCP in Figure 6.19 show a sys-

tematic variation. The highlighted area in the final frame measures the DOCP at

0.7 ± 0.3% and appears relatively flat, which indicates that GASP is measuring a

low level of circular polarisation, almost zero, and a reasonable σ variation. This

area is used as outside the total blue section there is an indication that the field

is less flat (where the colour map changes from blue to red, left-to-right). There

is a large increase in DOCP and the visible shape in the bottom right corner is

altered compared to the left-hand-side. This corner could be showing quite a large

variation in optical distortion not corrected by geometrical registration. It is also

noted that this pattern exactly matches that of the TP2 gain coefficient in Figure

6.14, which measures the Stokes V parameter. This pattern is also found in the

raw image and flat-field residuals for TP2 images.
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Figure 6.19: Degree of circular polarisation found using a registration method by
science data points. The mean and σ values are given in the title of each flat.
The image has been flipped and rotated compared to the images in Figure 6.13 to
match the telescope correction. The σ value refers to the random and systematic
error over the FOV of interest in Figure 6.13 for the 3 × 3 pixel area indicated by
the rectangle on the final image.
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Table 6.6: Mean polarimetric results for Zenith flat-field data using a pixel-by-
pixel analysis for the 3 × 3 pixel area in the final image of each polarimetric
measurement. The ∆PA values are also given.

Flat-
field

1 2 3 4 5 6 7 8 9 10 11 12

Time
(mins)

0.47 2.45 5.75 9.05 12.35 15.65 18.95 22.25 25.55 28.85 32.15 35.55

DOLP
(%)

35.63 35.17 31.71 35.67 44.36 57.40 69.63 79.23 84.10 86.01 87.93 90.02

DOCP
(%)

1.62 1.94 1.19 0.41 -0.49 -1.32 -1.84 -1.97 -1.91 -1.69 -1.44 -1.23

PA (◦) 88.92 84.29 73.23 62.55 52.55 45.67 42.57 40.61 39.25 38.09 37.07 36.24

∆PA (◦) - 4.63 11.06 10.68 10.00 6.88 3.10 1.96 1.36 1.16 1.02 0.83

It is concluded that an error in the calibration in this area of the field, which is

mostly likely a result of registration, has not been capable of removing this pattern

in the reconstructed degree of circular polarisation. The results in Table 6.6 are

measurements of the mean in the highlighted 3 × 3 pixel area in the final image

of each polarimetric measurement. A variation in the polarisation angle of ∼ 52◦

over the course of the observation. Realistically, this value should be measured

for when there are less influences from random variations as a result of detector

noise. There appears to be a significant increase in the light level at frames 5 -

6, which gives a change in the PA of ∼ 7◦. This is higher than expected for the

length of time this data block represents. The lowest frame-to-frame variation in

PA observed is 0.83 ± 0.10◦7. The ∆PA value is decreasing over time, approaching

0.83◦. This measured value is close to the expected value for this time block. The

expected variation is 0.71◦. It is possible that if more data was recorded that this

value would eventually be reached. A decrease in the change in polarisation angle

over time has been found. The full set of data is presented here; however if data

had been recorded for a further 10 - 30 minutes this value could reach a terminal

value for ∆PA. It is possible that this measurement is dependent on a high level

of counts per pixel, and that when frame 7 or frame 8 is reached, there are enough

7Errors quoted are based on the Poissonian statistics for the 3 × 3 pixel area
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photons to overcome the noise floor of the detector.

The value for the DOLP increases in value between frames 4 - 9, where there

is a significant change in light level. However, the ∆ value, frame-to-frame, for the

DOLP reaches a terminal value between frames 9 and 10. From frame 9 onwards,

the ∆DOLP is 2%. It is still uncertain, from a limited set of data over time,

whether this value would continue to grow at this speed. The trend in DOLP over

time, and as a function of PA is in good agreement with the Rayleigh Sky Model.

The difficulty in measuring low levels of DOLP has been discussed in Section 6.2.

In this analysis it is clear that the initial measurements for the DOLP are mostly

at the noise level, which will cause the polarisation to be overestimated.

A similar trend is found for the DOCP. The measured value changes by 1 -

2% around the expected value of 0%, eventually converging at 0%. This value

changes slowly, by 0.2% in the final frames reaching a value of −1.23 ± 0.3%. A

combined result of both random and systematic error in the initial frames could

cause this behaviour; however, these errors are difficult to discern. However, each

polarimetric measurement is producing results indicating that GASP is working.

There is a possibility that, there is a limitation in the instrument in terms of vari-

ability over the FOV, however, there are remaining errors for image registration,

and the calibration matrix is a good representation of where this error is derived.

The results of the pixel-by-pixel analysis are mostly positive in terms of the values

measured and that there is reason to suspect that a more uniform measurement

could be obtained with improved registration analysis.

An important remark, which could indicate discrepancies during analysis of

this data, is that GASP was calibrated along its calibration axis by reconstructing

the Mueller matrix ECM samples. This analysis was reproduced on a set of Zenith

flat-fields. It was found that the science axis and calibration axis do not match

exactly, but this could be overcome using image binning. It was also considered

that if registration is performed a second time, using the artefacts in both RP1

science and RP1 calibration, it would account for this variation; however, it has

not significantly altered the polarimetric results compared to registering only by

science data points. The reason for this is clear by the results of registration found

in Table 6.4.

The variation found (over the entire FOV) in each of the polarimetric results
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are within the error limitations in misregistration outlined by Smith et al. (1999).

It is also noted that, if the FOV area chosen was moved a number of pixels up in y,

and to the left in x, it may be possible to reduce the pattern effect in the bottom

right corner of the field found in all polarimetric results.

6.3.2 Science Data Aperture Photometry Analysis

Figure 6.20: All registered GASP channels for a full flat-field frame using science
data points and image artefacts. The chosen FOV is indicated by the orange
box. The blue aperture was selected for aperture photometry analysis as it had a
uniform (flat) distribution of flux on each channel. The radial size of the aperture
is 3 pixels (5 ′′). Top LHS: RP1, top RHS: RP2, bottom LHS: TP1 and bottom
RHS: TP2.

In addition to the registration outlined above, a set of coordinates were obtained

for data recorded of the Crab pulsar (without any binning) and an area of the field

was chosen with this at the centre that allowed 4 × 4 binning. An aperture was

then selected that covered a radial FOV of interest, the analysis of which will be

presented below. This approach was chosen to avoid/reduce the clear systematic
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Figure 6.21: The raw intensities, after bias subtraction and registration, for each
GASP channel as a function of time. The light level is low (no significant Sunlight)
for the first 4 - 5 frames on each channel. The values measured range from 500 to
900 counts, ∼ 2 - 3 times that of the bias level. These data values are extracted
from a set of data that have been averaged in time according to the values in Table
6.5. It is assumed that the intensity value is an average value for that data set
and represents the value at the midway point of the recorded data. This plot is
produced using the blue aperture in Figure 6.20 and uses a 3 pixel radial aperture,
which corresponds to a FOV of 5 ′′.

error evident in the pixel-by-pixel analysis above. This same set of coordinates

and size aperture were used on calibration data images to produce a calibrated

matrix for Stokes reduction. This aperture can be found in Figure 6.20.

The raw data plots for this 3 pixel radial aperture are displayed in Figure 6.21.

This is a plot of the change in intensity as a function of time (see Table 6.5) , over

a 35 minute period at twilight, as the Sun was rising.

It is observed that each of the TP channels show little variation compared to

each other; this is expected for low levels of DOCP when the calibration gain vari-

ations are examined. Taking an example of a linear polariser (which theoretically

should yield a DOLP result of 100%), depending on the azimuthal angle of the

polariser, a result of 100% linear polarisation will always be obtained. Figure 6.22

219



0 5 10 15 20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Time [mins]

C
o
u
n
ts

 [
A

D
U

]

 

 

RP1

RP2

TP1

TP2

Figure 6.22: The raw intensities from Figure 6.21 after each channel is normalised
to RP1 channel. This data refers to the blue aperture in Figure 6.20 and uses a 3
pixel radial aperture, which corresponds to a FOV of 5 ′′.

is a normalised version of this plot to better describe the relative rate of change.

The measured intensity on each RP channel can be varied with respect to each

other by rotating the polariser itself, or the entire GASP instrument. However,

if the DOLP increases over time this is a result of the absolute angle that the

Sun makes with the Zenith. Depending on the orientation of GASP, RP1 and

RP2 channel will measure the orthogonal components of the polarised beam; de-

pending on this azimuthal angle it cannot be assumed that each RP channel will

increase in intensity at the same rate.

Polarimetric Results: 3 pixel radius

Figure 6.21 is a plot of the change in intensity as a function of times (see Table

6.5), over a 35 minute period at twilight.. This data was plotted for aperture

#1 in Figure 6.20. Referring back to the plot in Figure 6.21, which plots the

raw intensities for each of the 4 GASP channels; these values are found using
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aperture photometry for a 5 ′′ FOV after bias subtraction and image registration.

It is found that from frame 1 - 4 the light level is low and displays little variation

until frame 5, where the counts (ADU) are (on average) greater than 1000. It is

possible that with light levels as low as these that extracting a polarimetric signal

may be difficult due to a combination of random and systematic error. The values

measured are 2 - 3 times that of the bias level. These data values are extracted

from a set of data that have been averaged in time according to the values in Table

6.5. It is assumed that the intensity value is an average value for that data set

and represents the value at the midway point of the recorded data.

Figure 6.23 is a plot of the change in DOLP, DOCP, and PA over the same

period as that for Figure 6.21.
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Figure 6.23: Degree of linear and circular polarisation and polarisation angle values
found using a registration method by science data points. The x axis is the value for
elapsed time according to the image time-stamps. This is a plot of the variation
of each of these polarimetric values for each flat-field. It is assumed that the
polarimetric value is an average value for that data set and represents the value
at the midway point of the recorded data. This data refers to the blue aperture in
Figure 6.20 and uses a 3 pixel radial aperture, which corresponds to a FOV of 5 ′′.

The x axis values are plotted in minutes and indicate the time midway through

the recording of that data block. The values for each data point can be found in
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Table 6.7. It is assumed that the polarimetric information found is that at the

halfway stage of recording that data block, i.e. it measures the mean value of

that time block. The error bars show clearly that the first half of the data is

dominated by low SNR. The polarisation angle measurements have been corrected

for telescope orientation. The PA varies as expected if compared to Figure 6.16.

The angle plotted on the x axis of this figure is equal to 90◦ - PA.

Table 6.7: Mean polarimetric results for Zenith flat-field data using a method of
aperture photometry for a 3 pixel radial aperture.

Flat-
field

1 2 3 4 5 6 7 8 9 10 11 12

Time
(mins)

0.47 2.45 5.75 9.05 12.35 15.65 18.95 22.25 25.55 28.85 32.15 35.55

DOLP
(%)

33.38 34.30 31.66 35.72 43.91 56.36 67.81 77.06 81.83 83.68 85.59 87.86

DOCP
(%)

1.05 0.31 0.03 -0.12 -0.77 -0.99 -1.18 -1.08 -0.87 -0.61 -0.35 -0.14

PA (◦) 87.46 83.29 72.82 62.29 52.78 46.14 43.06 41.02 39.62 38.45 37.39 36.52

∆PA (◦) - 4.17 10.47 10.53 9.51 6.64 3.08 2.04 1.39 1.17 1.06 0.87

The results in Table 6.7 show that variation can be found in the polarisation

angle over time to be 35◦. Again, this value should be measured for when random

variations appear to be overcome by an increase in light hitting the detector.

The light level between frame 4 and 5 gives a change in the PA of 7, and the

lowest frame-to-frame variation in PA observed is 0.87 ± 0.03◦, ∼ 0.16◦ from

the expected. In the case of the pixel-by-pixel analysis, the same concern exists.

There is a variation in the PA, which is difficult to disentangle from random noise

fluctuations, however, the same trend is found; as the light increases (more photons

hitting the detector) the value for ∆PA starts to reach a terminal value - it is

decreasing faster. If more data was acquired this trend could be more conclusive.

The final value for ∆PA has shown a degradation here compared to a pixel-by-pixel

approach. The expected value is 0.71◦, however, GASP is showing that perhaps

in the absence of random error (where higher SNR is achieved), this value could
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decrease further. It is assumed that the data recorded by GASP is a mean value

of the images recorded for the time period indicated and have to be plotted this

way in Figure 6.23. The low SNR is evident from the error bars and this will also

be the error on ∆θ as a function of time.

The value for the DOLP and the PA, using aperture photometry, is comparable

to the pixel-by-pixel method showing minimal change. The value of the measured

DOLP by aperture photometry, like that for a pixel-by-pixel method, appears to

reach a terminal ∆ value at frame 9. It was expected that, the value for ∆PA

would reduce, by averaging a smaller area of the FOV. The variation found for

both methods of analysis is higher than expected for this time block. The value

of the DOLP at these recorded times is not known, however, the DOLP is are

varying with the same mean as that of the pixel-by-pixel analysis. The DOCP

also shows variation, however, it is approaching 0%. There is some improvement

over a pixel-by-pixel analysis approach.
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Figure 6.24: Degree of linear polarisation as a function of polarisation angle mea-
sured by GASP. The theoretical plot is generated by Equation 6.4 where γ = 90◦−
GASP PA.

Figure 6.24 is plotted to test how accurately GASP has measured the DOLP

assuming the polarisation angle is correct. The polarisation angle is not calcu-
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lated using Stokes I and is therefore not related to intensity variations. It will be

affected by low SNR or atmospheric turbulence. The residuals are large ∼ 20%.

It is possibly an effect of the instrumental polarisation, which could have changed

throughout the night. As in the case of measuring 0% polarisation, the polari-

sation will also be overestimated approaching 100% polarisation. The theoretical

plot is based on the Rayleigh Sky Model in the absence of random and systematic

error. It is also possible that the polarimetric signal measured by GASP includes

polarisation from light other than that which has been Rayleigh scattered.

6.4 Concluding Remarks

A set of Zenith flat-fields were recorded on observation Night 4 at the Palomar 200

inch telescope. The image analysis, including registration techniques developed, in

Chapter 5 were used in this chapter. It was found that registration using science

data points gave a better calibration solution and this method was carried through

to science analysis.

The results found in this chapter indicate that there are remaining errors in

the spatial registration using science data points; this is evident in the spatially

reconstructed Stokes analysis for the Zenith flat-fields, after bench calibration. If

pixel-matching (or indeed position matching) is not exact, the ECM will not work

to great effect. The calibration data has been registered using science data po-

sitions and using image artefacts between RP1 science to RP1 calibration. The

overall pixel variation across a small FOV (10 × 10 pixels, or 6 × 6 ′′) is expected

to appear flat, polarimetrically, where the pixel-to-pixel variation is expected to

be no higher than the random errors on each pixel. The pixel-by-pixel polari-

metric results in this chapter, in a small suitable area of the FOV (with minimal

distortion), show stable pixel-to-pixel measurements for the DOLP, DOCP, and

PA.

Errors in registration will lead to errors in measured values for DOLP and

DOCP across the larger FOV. The registration results in this work have been

compared to a publication by Smith et al. (1999) whereby, if pixel errors of 1.2

pixels are found from combined registration error in all GASP channels, this could

result in ∼ 10% error in the DOLP and DOCP, worst case. An error for the PA
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has not been stated by the authors, but it is expected. Variation of this order

has been observed in the GASP system, which indicates that the errors found in

image registration can explain the variation in the polarimetric results obtained

using a pixel-by-pixel calibration method. This is also noted in the systematic

patterns found in the images for the DOLP, DOCP, and the PA. The variation

in the PA was found to match very well with the expected from the theoretical

plots of DOLP versus scattering angle. The lowest ∆PA observed was found to

be 0.83 ± 0.03◦; the ∆PA value is approaching this 0.83 ± 0.03◦ over time, where

the expected value in this time block is expected to be 0.71◦. The polarimetric

measurement appears to be intensity dependent and low SNR for the initial frames

give large errors on the PA measurements. Further observations are required, with

larger SNR intensity measurements. Error in registration has lead to an error in

obtaining more conclusive spatial polarimetric results.

The trend observed in Figure 6.16, of DOLP versus scattering angle, can be

used as a first order check. The DOLP varies as a function of scattered angle. The

reverse trend is found for DOLP versus PA. If the exact PA is known the DOLP

can be calculated. If further observational data were obtained, the ∆DOLP (∼
2%) could eventually reach 100%. The behaviour of the DOCP is a little stranger.

It approaches 0 and passes through this value, resulting in a mean value of ∼ 2%.

Errors in registration of TP2 have been discussed as a reasonable source to this

discrepancy.

Another analysis approach was explored using aperture photometry, which can

be found in Figure 6.20. The results of this analysis show some disimprovement

in the expected value for the ∆PA when a small area is selected and the inten-

sity is averaged. However, an improved result for the DOCP was found where it

approaches a zero value as the sky brightens, though in both analyses the DOCP

shows variation over time. There is a variation in the spatial polarimetric re-

sults from this data set. An aperture was selected in an area that was uniform

in intensity and compared to a pixel-by-pixel analysis. Based on this observation

if another aperture in a different location was selected, it could/not lead to an

improvement in the polarimetric measurements.

Any remaining error comes from registration in the calibration data, which

is currently at its limit. This is also true when matching calibration data to
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science data in terms of pixels. If this step of the analysis is incorrect, then

further systematic error will be introduced to the final polarimetric result. The

science data can be well registered inside the already accepted parameters of the

current registration solution (see geomap RMS values in Tables 5.3 and 5.9). It

is concluded that the registration solution used in this analysis was sufficient to

perform accurate polarimetric analysis.

It is concluded that the Zenith flat-field polarimetric results (using a calibrated

instrument) have shown that GASP has measured meaningful, time varied values

for the PA, where remaining errors have been explored in the discussion above. The

experimental DOLP follows the same trend as the expected theoretical DOLP as a

function of either the scattered or polarisation angle. Using aperture photometry

has proven that it is possible to reduce the effects of error in registration to measure

a value that approaches 100% as the Sun rises. The results of the analysis have

shown that GASP is clearly capable of measuring a changing polarimetric signal

with SNR error limits.
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Chapter 7

Observation Results for the Crab
Pulsar

7.1 Introduction

This chapter will present an analysis of the Crab Nebula and the visible targets

observed on the fourth night of observation at the 200 inch telescope on Palomar

Mountain. The analysis was carried out using aperture photometry and will be

compared to the results found in the literature, which can be found in Table 7.2.

GASP observed the Crab Nebula in R Band using full frame data. The pulsar

and a nearby star, Trimble 28, were also observed at a frame rate > 1000 fps. The

observing specifications for these data sets can be found in Table 7.1.

Table 7.1: Observational logs summary for the Crab Pulsar observed by GASP on
Night 4.

Data set Filter Exp Times (s) EM gain Temperature1

(◦C)
# Frames UT recorded

Integrated R 30 10 - 85 10 13: 06 : 23

1000 fps V 0.00074 300 - 60 1000000 11: 57 : 00

The polarimetric reductions in this chapter follow the same procedure outlined

in Chapter 6. The data is binned 4 × 4 to reduce any remaining scaling/distortion

1Refers to stabilised temperature reading from FITS header.
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after image registration. The calibration result produced in Section 5.10.2 were

successful using a registration technique with science data points and this result is

used in Equation 6.1. A pixel-by-pixel analysis is not carried out in this chapter. It

was found that there were errors in a pixel-by-pixel calibration analysis after image

registration. These errors will propagate through to the polarimetric analysis on

science data. However, the optical resolution of the instrument was not sufficient

to carry out any spatial polarimetry measurements. Aperture photometry is used

to perform Stokes reductions, using the same methods in Chapter 6.

Table 7.2: Integrated polarimetric information from the literature for the Crab
Nebula. The pulsar has a magnitude of 16.5.

Target Filter DOLP (%) PA (◦) Ref

Crab pulsar V 5.2 ± 0.3 105.1 ± 1.6 Moran et al.
(2013)2

Trimble 28 V 1.6 ± 0.2 147.5 ± 3.7 Moran et al. (2013)

Crab pulsar V 5.4 ± 0.1 96.4 ± 0.2 S lowikowska et al.
(2009)3

Crab pulsar &
Knot

IR 9.8 ± 0.1 109.5 ± 0.2 S lowikowska et al.
(2009)

7.2 Polarisation of the Crab Pulsar: Integrated

Data

An image of the Crab Nebula is found in Figure 7.1. A radial aperture was chosen

equal to the FWHM of the target, where over 80% of the light is found. Little

variation in the polarimetric measurements was found as a function of changing

radial aperture. It is noted that, in the case of the nebula, an aperture size of 3

pixels contains photons from the pulsar and Trimble 28. However, this was the

only possible available are of the FOV that was well registered on all channels. The

2Integrated data.
3Phase averaged.
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Figure 7.1: The location of the apertures used in photometry, for the pulsar and
nebula, are shown in red. The polarimetric information of the Crab pulsar and
nebula will be analysed at these points. The data has been registered and binned
4 × 4. This data was recorded at the end of the night, before the Zenith flat-fields.
The aperture in this plot has a 2 pixel radius. Top LHS: RP1, top RHS: RP2,
bottom LHS: TP1 and bottom RHS: TP2.

radial plots for the pulsar and Trimble 28 can be found in Figure 7.2. The radial

profile plot, for both targets, indicate that the wings extend into the area where

the aperture of the nebula is taken. These plots also show that the wings of the

targets themselves are bleeding into each other. This could lead to contamination

of a more weakly polarised signal, as is the case for the pulsar and the nearby

Knot.

The radial profiles of both the pulsar and Trimble 28 can be found in Figure

7.2.
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Figure 7.2: A radial profile plot for the Crab pulsar (LHS) and Trimble 28 (RHS)
for the registered RP1 image. This image is found in Figure 7.1. The wings of the
profile appear to lie exactly in the area occupied by the nebula and it is therefore
difficult to distinguish between nebula and overlapping targets. It is also true to
say that the wings of each target extend into the aperture of the nearby target.

The results of the pulsar are comparable to those found by S lowikowska et al.

(2009) and Moran et al. (2013), found in Table 6.1. It has been found by Moran

et al. (2013) (private communication) and Weisskopf et al. (1978) that the expected

DOLP and PA of the nebula are in the range of 15 - 20% and ∼ 150◦, respectively.

The GASP results for the pulsar and the nebula are close to the expected, however,

the angle of the nebula is much lower. This signal is most likely a combination

of nebula and sky and it is not possible to remove the sky background from this

data. The DOCP is not known at this time.

It is also important to note that Trimble 28 may be located behind the nebula

and this could lead to a circular polarisation measurement. This is not a measure-

ment that has been previously recorded in the literature. The location in the field

is also important - the area covered by each of these targets is in the field shown in

Figure 7.1. The area for the target, which measures the polarimetric information

for the nebula does not cover an area occupied by the Wisps measured by Moran

et al. (2013).

As both the Crab pulsar and the surrounding nebula are polarised, it is difficult

to determine a suitable location in which to take a measurement of the nebula.

Image registration was found to be variable in the field and polarimetric measure-
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ments of Trimble 28 (expected DOLP of 2% with a space based telescope) and the

nebula (expected DOLP of 15 - 20%). However, the polarimetric measurements for

the Crab pulsar agree well with what both S lowikowska et al. (2009) and Moran

et al. (2013) have found. The pulsar PA, measured by GASP, is not in agreement

with these authors. It is found to have changed by 15◦.

Sky subtraction was not carried out on this data set. It was not possible to

select an annulus and dannulus around both the pulsar and Trimble 28 (the other

star in the field, top right of the pulsar) that did not overlap the nearby star. If a

larger annulus was chosen this would sample non-calibrated sections of the FOV

from each TP image. This sections can be seen from the banding on the upper

LHS of TP1, and the lower RHS of TP2. It was also not possible to find a flat

section of sky that was common to all channels, for sky subtraction. It is believed

that the background FOV is composed of counts from both sky, nebula, and any

atmospheric turbulence on the night. It is therefore difficult to separate a sky

background measurement from a nebula measurement. It has been discussed that

the PA of the nebula does not match with the expected value. It is thought that

this data is not only measuring the nebula, but a combination of sky background

and flux from the nearby targets.

Table 7.3: Polarimetric information for each of the targets indicated in Figure 7.1.
A radial aperture equal to the FWHM was used, however, any variation caused by
seeing/atmosphere must be taken into account when making comparisons to the
literature.

Target Aperture Size
(pixels)

DOLP (%) DOCP (%) PA (◦)

Crab Pulsar 2 9.55 ± 0.53 −1.23 ± 0.40 85.26 ± 1.40

Trimble 28 3 6.54 ± 0.30 −5.56 ± 0.45 60.89 ± 2.68

Nebula 3 10.42 ± 0.49 −6.00 ± 0.80 55.98 ± 2.77
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7.2.1 Concluding Remarks

The results of these data are not fully conclusive regarding Trimble 28 and the

section of nebula analysed. There are no measurements for DOCP in the literature

for the Crab Nebula. The DOCP value for Trimble 28 and the nebula are closely

matched, which could indicate that the nebula is circularly polarised and that

Trimble 28 is located behind the nebula. The linear polarisation measurement is

higher than expected by 3 - 4% compared to work by Moran et al. (2013). If there

is light contamination from the pulsar, this will also affect the polarisation angle.

In the case of an instrumental polarisation effect for the pulsar and Trimble 28,

the target HD12021 is used for the R Band filter. The Crab pulsar & Knot result

from S lowikowska et al. (2009) is used as the expected measurement. Using Equa-

tion 6.2 a DOLP value of 10.23% is calculated, which is in good agreement with

the actual value of 9.55% measured by GASP. This indicates that the polarimetric

measurements for the Crab pulsar are found not be largely affected by instrumen-

tal polarisation, mostly likely as the pulsar is strongly polarised compared to a zero

polarisation standard. The same analysis is performed for Trimble 28. The result

for Trimble 28 is unclear as the expected value measured by Moran et al. (2013)

is less than the instrumental polarisation from HD12021. This indicates that it is

likely that the instrumental polarisation has changed. As this is the only known

polarimetric measurement for Trimble 28, it cannot be used as a zero or low level

polarisation standard. However, if the instrumental polarisation from HD12021 is

used Equation 6.3 must be used and a value of 0.1% is determined.

7.3 Polarisation of the Crab Pulsar: Phase Re-

solved Data

Figure 7.3 are images of each channel for the phase-averaged data. In particular,

it is noted that the level of extension of the wings of the Crab are quite high. A

number of data sets were recorded of the Crab pulsar at a frame rate > 1000 fps.

One of these data sets will be examined in this section. Observational information

for this data can be found in Table 7.1
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Figure 7.3: Each image, on each channel, is summed and averaged for 200,000
images for an exposure time of 0.00074 seconds. Each registered channel contains
the Crab pulsar and Trimble 28. A 1.5 pixel radial aperture was used to obtain
polarimetric information for the Crab pulsar, and Trimble 28. This data was
binned 8 × 8 and windowed during acquisition. Top LHS: RP1, top RHS: RP2,
bottom LHS: TP1 and bottom RHS: TP2.

7.3.1 EM Gain & Bias Level

The bias acquired for the 1000 fps data used the same acquisition parameters as

that for its respective science data. This data has been taken at a frame rate of

∼ 1100 Hz, with an exposure time, per frame, of 0.00074 seconds and an EM gain

of 300. The master bias was created using 1000 bias frames, which have been

averaged using a pixel rejection routine with a σ level of 0.5. It is noted that there

is a temporal instability, which can occur in the iXon Ultra 897 EM detectors

when acquiring data. It is due to small changes in heat generation of the driving

electronics within the detector head and can cause some drift in the bias level. It is

noted in the Andor literature that this is often particularly observable during long

kinetic series. Andor claim that any drift in the bias level can be corrected by using

the Baseline Clamp option. Baseline Clamp corrects each individual image for any
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bias drift by subtracting an average bias signal from each image pixel and then

adding a fixed value to ensure that the displayed signal level is always a positive

number of counts. As such, the bias is expected to remain at steady value during

a fast kinetic series. This can be shown in Technology (2013). It is also noted

that bias level is susceptible to variation at different EM gain settings, however,

the iXon Baseline Clamp corrects for this, ensuring the bias level is clamped no

matter what EM gain setting is selected. The expected performance is noted,

however, some variation from this ideal detector behaviour was found for a set of

data recorded by GASP.

When data acquisition began the TP detector took some time to achieve sta-

bility. The temperature could not be maintained at the optimum level of −90◦C;

a level of −60◦C gave more consistent results. The first 10,000 frames (approxi-

mately) recorded noise due to this instability.

The raw data was analysed using photon counting analysis methods to measure

the EM gain at different positions in each path over time. The inverse-slope

measurement used by, Mackay et al. (2010), was implemented on GASP data.
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Figure 7.4: This is a plot of the variation in EM gain over the duration of each
data set per GASP path. The RP:TP EM gain is 1.1:1. Each detector was set to
an EM gain of 300.
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Figure 7.4 plots the variation in EM gain for both GASP paths as a function

of time. It is clear that the measured EM gain by the inverse-slope method is not

measuring the EM gain assumed during acquisition. The EM gain measurement

from both detectors become more stable over time, however, there is a disparity in

measured gain between both cameras. The measured EM gain on the RP detector

is 1.1 times higher than that of the TP detector. This could occur for a number

of reasons:

• Temperature fluctuations and instabilities. The temperature recorded in

the image header file is taken at the beginning of acquisition, however, the

temperature throughout may have not remained stable over time. The EM

gain requires a particular temperature in order to work optimally.

• The TP camera displayed signs of failing to acquire sensible data at the

beginning of acquisition. This could be a sign of difficulty in maintaining a

high frame rate of 1100 Hz.

Another observation from this data is bias variation. The following plots show

the inverse-slow method implemented for this GASP data. Figure 7.5 is a pixel

count frequency distribution for a set of 10,000 images at the beginning of acquisi-

tion for the RP detector. The bias level is found from the peak value of the curve

on the LHS. A trendline is fitted to the data and the inverse of the slope gives the

EM gain for this data block.

The RP detector was found to remain relatively stable regarding bias level.

The EM gain grows over time, eventually reaching stability. The TP detector

shows some inconsistencies when compared to the RP detector. The problem of

the variable EM gain has been addressed in Figure 7.4 where an offset was found

compared to that set in software, and compared to the RP detector. However, the

TP detector bias level was also found to vary over time.

Figure 7.6, like Figure 7.5, shows the EM gain and bias level for three blocks

each using 10,000 science frames. The detector bias level was found to vary over

the times series for this detector. The first block shows a bias level of 175 ADU.

This is not expected from the data based on laboratory tests. At the midpoint of

acquisition, the analysis found the bias level to drop by 40%. This is a considerable
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Figure 7.5: This is a plot of 10,000 RP science frames used statistically to determine
the EM gain using the inverse-slope method. The gain found for these frames was
∼ 600 and the bias level, which is the peak of the curve on the LHS, is 170 ADU.

drop after 5 minutes of recording. The bias level remains at 105 ADU for the

remainder of the data set.

The level of bias measured from each detector does not match laboratory bias

frames recorded at close to a 0 second exposure using the same acquisition param-

eters as the science data. It was not possible to perform any further experiments

on these detectors as they were on loan to the project. A laboratory recorded bias

frame was scaled to match the levels found above for data bias subtraction. As the

TP detector was found to change over time, two separate bias frames were used

for the data block. Aperture photometry was used to extract the counts from the

pulsar using a radial aperture of 1.5 pixels.
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Figure 7.6: This is a plot of a series of EM gain plots for the TP. Each plot is
generated using 10,000 TP science frames from the beginning middle and end of
the data cube. The EM gain is calculated using the inverse-slope method. The
EM gain value found for these frames was 580, 630, and 620, respectively. The
bias level is found from the peak value on the LHS of the gain curve. It was found
to vary from beginning to end throughout this data cube. Block 1 has a bias level
of 175 ADU, and block 2 and 3 have a bias level of 105 ADU.

On closer examination of the bias subtracted TP channels the intensity time

series was observed to drift, or slope downward near the beginning of the data

block. This can be found in Figure 7.7. The first 300,000 frames show unstable

variation in the data, and there is a decreasing slope from the 200,000 - 300,000

frame. These frames may need to be rejected from the polarimetric analysis.

Observational logs recorded that there were a number of detector instability events

from the TP camera and this is confirmed from this analysis.

The plots for the RP1 and RP2 channel are also plotted. There appears to be

a difference in RP1 to RP2 in terms of the minimum value of the noise floor. As

any value close to 0 ADU will essentially be a noise measurement, it should match

in each camera. There could be a bias variation channel-to-channel. This seems

unlikely due to the fact that each channel uses the same detector, but it could lead

to channel-to-channel gain inaccuracies .
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Figure 7.7: This is a plot of 1 million TP1 and TP2 science frames after bias
subtraction. The bias was calculated using the inverse-slope method when inves-
tigating the level of EM gain that was applied during acquisition. A different
bias frame was used for the first 300,000 frames compared to the remaining. This
was based on the observations above of a decreasing bias over time. Aperture
photometry was performed for a 1.5 pixel radial aperture.

7.3.2 Timing Analysis

This data was acquired using 2 iXon 897 Ultra detectors at a frame rate of approx-

imately 1000 fps. The specifications for these detectors can be found in Appendix

E. These detectors are designed to operate off their own built in clock and each

frame is triggered internally. There is a functionality that allows for external

triggering and this was implemented during data acquisition, however, this only

allowed the first frame to be triggered, the remainder of the kinetic series was

triggered by the internal clock.

The Crab pulsar has a period of 33 ms or 29.69 Hz. In order to achieve

phase resolved measurements of the pulsar lightcurve, data acquisition is required

to be equal or better than a millisecond resolution. As well as a detector that

can acquire at this speed, accurate timing measurements are also necessary. The

Andor iXon 897 Ultra can be triggered externally, but the GASP project did
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Figure 7.8: This is a plot of 1 million RP1 and RP2 science frames after bias
subtraction. The bias was calculated using the inverse-slope method when in-
vestigating the level of EM gain that was applied during acquisition. There is a
difference in RP1 to RP2 in terms of the minimum value of the noise floor.

not have the means to trigger each frame at a known and constant frame rate.

A Symmetricom XLi Time and Frequency System unit was used to trigger each

detector, simultaneously, at a known GPS time. This unit has a resolution at

the nanosecond time scales, which is well within the required limitations of this

timing analysis. Once triggered, each detector imaged at a frequency controlled

by its internal clock. The problem with imaging in this way is that any drift in

the detector frame rate cannot be measured. It is a functionality, which is not

built into the hardware of these detectors. Due to time and budget constraints, a

simple set up within the polarimeter was devised to perform accurate timing. A

flashing LED was positioned behind the GASP PSA and connected to the same

output port of the Symmetricom unit as each of the iXon detectors. The trigger

sent from the Symmetricom unit was programmed to send a trigger to the LED

every 60 seconds where it would flash and this could be detected when running

aperture photometry. The same trigger was also fed to each iXon. Once triggered

they were free to run off their own clocks, but every 60 seconds the LED flash

would appear in a captured frame. It was found that the LED had a decay rate
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and the flash would persist for approximately 3 frames. These frames would be

disregarded in the timing and polarimetric analysis.

0 1 2 3 4 5 6 7 8 9 10

x 10
5

−0.5

0

0.5

1

1.5

2

2.5

3

3.5
x 10

4

R
P

1
 C

o
u

n
ts

 [
A

D
U

]

Frame #

Figure 7.9: This is a plot of 1 million RP1 science frames after bias subtraction.
The spikes present in the data are the result of a flashing LED, which was triggered
to flash every 60 seconds. The same plot was found for the RP2 channel.

The suspected detector temporal frame rate drift was found to be true when

analysis was carried out on the data in Figure 7.9 compared to Figure 7.10. The

first to last initial LED flash (the flash decays over 3 frames) was measured to last

for 960 seconds. In the case of RP1 and RP2 this consisted of 959,859 frames how-

ever, for TP1 and TP2 962,246 were recorded. This shows that the TP detector

was imaging at a slightly faster frame rate compared to the RP detector. This

would have been a more difficult analysis routine without the flashing LED how-

ever, a time step can be calculated from these data to perform a Fourier analysis

and hence, data phase folding.

Using the information from these data sets a power spectrum can be generated

from the fast Fourier transform (FFT) of the flux in ADUs plotted against a

frequency series where the maximum value is the Nyquist frequency for this data

in Hz.
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Figure 7.10: This is a plot of 1 million TP1 science frames after bias subtraction.
The spikes refer to a flashing LED triggered to flash every 60 seconds. The same
plot was found for the TP2 channel.

The frequency analysis of the pulsar was carried out as confirmation of the

timing analysis using the flashing LED. It has proven that the measured time step

can be used to accurately phase fold each channel. The accuracy of the timing

analysis time step is limited by the frame rate resolution. The frequency measured

at the 3rd or 4th harmonic is compared to the mean value measured by Jodrell

Bank on the same week that GASP was observing. This frequency was 29.694779

Hz. There is an error of ∼ 1 mHz, which is acceptable for the frame rate at which

these detectors were imaging. There will also be a frequency error between the

iXon detectors as each was imaging at different frame rates with respect to the

other detector.
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Figure 7.11: This is a power spectrum for the first 3 harmonics of the Crab pulsar
from the RP1 science frames in Figure 7.9 after bias subtraction. The same plot
was found for the RP2 channel. The known frequency of the Crab pulsar is ∼ 29.69
Hz and it is clear that this is the pulsar. The characteristic increase in power on
the 2nd harmonic is also evident. Higher harmonics are used data phase folding.

7.3.3 Polarimetric Results

The data from RP1 and RP2 was phase folded using a frequency of fRP = 29.69658

Hz, and for TP1 and TP2 fTP = 29.69656 Hz. The maximum peak was found on

each channel from these frequencies. As each detector was operating at a different

frame rate, the data also needed to be phase shift. RP1 was taken as a reference

and TP1 and TP2 were shifted in phase by -0.0856. A plot of the overlayed

channels can be found in Figure 7.13.

Sky background subtraction has not been carried out for this data set. It has

already been discussed that there was some difficulty in determining a level of sky

in the integrated data in Section 7.2. In this case the sky background level was not

uniform and difficult to distinguish nebula from sky. A similar trend was observed

with this phase resolved data however, further analysis on a frame-by-frame basis

will be required. The polarimetric results that follow have not been sky subtracted.
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Figure 7.12: The same as Figure 7.11 but for the TP1 channel from the bias
subtracted data in Figure 7.10. The same plot was found for the RP2 channel. As
in the RP1 channel, the frequency of the Crab pulsar was measured to be 29.6969
Hz for the 1st harmonic. To achieve more precision higher harmonics are used
when phase folding the data.

It is noted that at this stage in the analysis, each of the TP lightcurves appear

to be lower than what is expected from the optical alignment of the instrument.

It is possible that this is expected in the case of the pulsar, however, it seems

unlikely. The TP, optically, receives a larger percentage of light than RP. The

value of TP/RP for this data set is equal to 0.94. In the case of the integrated

data at the beginning of this chapter, the value for TP/RP ' 1.04. The EM gain

variation between the paths has been accounted for in Figure 7.13. In the data

reduction section of this analysis there was concern for the variation in the bias

level throughout the data set, particularly on the TP detector. This was accounted

for the in data reduction, however, there may be further error that is not clear

from the raw counts. The polarimetric reductions are plotted in Figures 7.14, 7.15,

and 7.16.

The data is calibrated in the same way as the integrated Crab pulsar data. It

is possible that inconsistencies in the settings between science data and calibration
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Figure 7.13: A plot of all phase folded lightcurves for the Crab pulsar from the set
of debiased data in Figures 7.8 and 7.7. The data in TP was phase shifted -0.0856.

could lead to error in the gain, which appears to be present. However, if the error

was a result of calibration then it is most likely due to an optical change in the

system. This was shown not to be the case in Chapter 5 from the Mueller matrix

verification experiments.
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Figure 7.14: A plot of the DOLP and Stokes I as a function of phase. The Stokes
analysis was performed using the phase folded lightcurves in Figure 7.13. Error
bars are plotted.
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Figure 7.15: A plot of the PA and Stokes I as a function of phase. The expected
swing in PA is what is plotted in this figure, however, the range of values is much
lower and the mean PA is not what has been produced by the integrated data, or
in the literature. Error bars are plotted.

245



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
20

70

120

170

220

S
to

k
e
s
 I

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
−4

−3

−2

−1

0

1

2

3

4

5

6

D
O

C
P

 [
%

]

Phase

Figure 7.16: A plot of the DOCP and Stokes I as a function of phase. The value
for this parameter is not known. The measured DOCP by the integrated data is
lower than the mean value in this plot, however, it is possible that the DOCP has
been measured more accurately as it is not dependent on Q and U, which are used
for the DOLP and PA. Error bars are plotted.

An errors analysis has been performed on this data, however, more analysis

will be required to investigate the errors caused by the bias and EM gain on the

polarimetric signal. This will also affect the level of error on each point in the

phase. The data has not been barycentred. The data is not compared to radio

observations at this time, particularly as this data set is approximately 11 minutes

in length, insufficient to affect the phase of the lightcurves plotted in Figure 7.13.
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7.3.4 Concluding Remarks

There are clear errors in each of the polarimetric plots for this set of Crab data.

The swing of the polarisation angle is the correct shape. An ‘S’-shaped swing is

expected. It also agrees with the swing found by S lowikowska et al. (2009), which

can be found in Figure 7.17.

The overall shape of the DOLP measured by GASP is not correct. The mag-

nitude of the percentage polarisation is close to the expected range but the back-

ground, or DC component (described in more detail by S lowikowska et al. (2009)),

is underestimated by this data. This analysis was performed for a 1.5 pixel radial

aperture. It is possible that this aperture is large enough to measure the flux from

the pulsar on the RP detector, but the TP is underestimated due to remaining

registration error in the form of a scale variation. Background subtraction is not

performed on this data. It is possible that this could lead to another source of

error in the DC component.

There have been a number of issues found in the performance of the TP de-

tector, which have been addressed. The instrument works well when performing

timing measurements at very fast frame rates, however, it is possible that these

parameters could have caused the TP to malfunction during data acquisition, in

particular when using high EM gain. Further analysis of data sets with lower EM

gain settings could provide more information regarding detector performance. The

results from the polarimetric analysis of the integrated data are more promising

and indicate that it should be possible to measure phase resolved polarimetric

information from this target. It is clear that there are remaining errors in the

detector acquisition.
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Figure 7.17: Left column: Stokes parameters Q, U as a vector diagram. Colours
refer to the pulse phases as indicated in the input box of upper panel. The scale
is such that I = 100 at the maximum light. Phases of the main and inter pulse
maxima are indicated with black open squares. Points belonging to the main
and inter pulse follow in a counter-clockwise direction on outer and inner ellipses,
respectively. Bottom panel shows a zoomed region around the IP phases. The
dashed lines indicate the origin of the scaled Q, U coordinates. Any error in
background polarisation would correspond to a shift in the origin in this plot. The
lower plot shows a zoomed region of the upper panel. Right column: The Crab
pulsar position angle as a function of rotational phase. Changes of PA are aligned
with the main pulse maximum of the optical light (vertical dot-dashed line), but
also with the zero phase, i.e. with the radio phase of the main pulse (vertical
solid line). The Crab pulsar polarisation degree as a function of rotational phase
(bottom panel). Minimum of p is for the radio phase (vertical solid line), and not
for the maximum phase of the optical main pulse (vertical dot-dashed line). The
pulse profile (solid line) and DC phase range (dashed region) are indicated also
S lowikowska et al. (2009).
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Chapter 8

Conclusions & Future Work

The work presented by this thesis has consisted of establishing a suitable optical

design for an imaging division of amplitude polarimeter, and the implementation of

an improved calibration method to limit instrument systematic error. The results

of this calibration method were presented using a number of analysis techniques,

including image registration and methods of polarimetric reduction.

A set of polarimetric results are presented from an observing run on the 200

inch telescope at Palomar Observatory. A number of polarisation standards were

reduced in order to measure the polarimetric sensitivity of the instrument as well as

any instrumental polarisation. Science observations for a set of Zenith flat-fields

were reduced to measure both the sensitivity, and the temporal stability of the

polarimeter. Further science results from observations of the Crab pulsar and its

surrounding nebula were also presented in order to compare with what has been

found in the literature.

8.1 Laboratory Instrument Calibration Conclu-

sions

The overall design of the polarimeter and prism-rhomb has been presented in

Chapter 3 from the work in Collins (2012) and a publication (Collins et al., 2013).

The use of the polarimeter as a lab instrument, and a scientific motivation for

the use of GASP as an observational instrument is presented by the authors. A

number of optical design parameters were addressed in Chapter 4 to use GASP as
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an imaging polarimeter. When this work began, GASP was in the design stages

as an 8-detector polarimeter using APDs. The optics of this system were finalised

and laboratory bench testing of the alignment and calibration were carried out.

It was with this system that the Eigenvalue Calibration Method, or ECM,

was adapted for use with GASP; this is presented in Chapter 5 using APDs, and

EMCCDs for imaging polarimetry. The ECM is explained in greater detail in this

chapter, but it was part of the work of this thesis to establish a suitable method

of calibration that eliminated any errors introduced as a result of inaccuracies in

alignment. As has already been stated, the use of the ECM has the following

advantages:

1. No assumption is made to the system to be calibrated other than that it

must be complete.

2. The precise orientation and position of the various elements do not need to

be known in order to calibrate.

3. All optical elements are included in the matrix representation.

4. The characteristics of the reference samples are completely determined dur-

ing the calibration without need for secondary measurements. A, when mea-

sured, will be a function of the wavelength λ, as will the defining character-

istics of the reference samples.

5. The accuracy of the calibration procedure can be evaluated when the ECM

is used.

The results of calibration, using APDs, are presented in Chapter 5.6. An ex-

cellent result from the ECM was found in the laboratory indicating that GASP

works well as a DOA polarimeter. A comparable system matrix to the theoretical

PSA was obtained with reasonable explanations given for any deviation in these

matrices. The ECM system matrix, A, was tested on linearly polarised light to

great effect and the ECM measures absolute values for the DOLP, DOCP, and PA,

with variation in these values as low as 0.2% and 0.1◦ (in the absence of systematic

error), respectively. The results of this experiment also showed a systematic error
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in the Stokes parameters, which indicates that GASP was measuring a possible

mechanical movement in the system. An experiment was also carried out using

an LED, assuming that this light was unpolarised. These results also show rea-

sonable variation in the final results over time (same order as above) without any

systematic error, however, there is the possibility that GASP is measuring some

instrumental polarisation; without documented results for the polarisation of the

LED this is an uncertain result.

The FOV and pixel scale of the instrument were a concern when switching

from a 1- to a 2D detector system, and were reviewed when designing an optical

prescription in Zemax for the use of GASP with EMCCDs. At the end of this

chapter GASP is presented as an imaging polarimeter, using DOAP, which has a

suitable FOV for a 5-m class telescope. It creates this FOV in a way that may be

adaptable for larger (or smaller) diameter telescopes using imaging detectors.

In order to calibrate GASP as an imaging polarimeter it is necessary to spa-

tially register the 4 GASP channels to a reference frame, - 1 of the 4 channels is

selected to be the reference). It has been discussed, in detail, the implications of

misregistration and errors that can occur as a result. Two methods of registra-

tion were explored, both yielding positive verification that GASP was calibrated

at Palomar. These methods used either, a set of artefacts present in all chan-

nels (less on each TP channel), or a combination or coordinates from one of the

observation nights. There were difficulties in using both methods for various rea-

sons discussed, however, the conclusion of both registration methods indicated

that there was insufficient information, in the form of available targets, to perform

accurate registration.

The results of the second registration method show improved calibrated ECM

samples, concluding that this has shown that GASP is in fact calibrated along its

calibration optical axis. There were remaining systematic patterns in the resultant

Mueller matrices, and the patterns that are present are indicative of the areas of

the FOV, which lack registration points. A first-order analysis was also discussed

regarding error propagation as a result of misregistration.

Other errors can also lead to a corruption in the calibration of the instrument,

apart from image registration. Unfortunately, these are difficult to distinguish (in

the case of GASP) as there is no perfect geometrical solution in terms of the optical
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alignment. Artefacts inherent to experimental equipment, or dust in the system

could lead to inaccuracies.

GASP has also shown a consistent calibration over a period of ∼ 6 days, in-

cluding many movements of the telescope on sky and while unmounting. The

possibility that temperature variations in the telescope dome compared to that of

the Caltech laboratory could cause instability, however this was not monitored.

There are a number of sources of the variation in the system matrix. It was dif-

ficult to discern these errors and it was concluded that, depending on the light

intensity striking the detector (dependent on the calibration or current experi-

ment) random fluctuations in the detector and systematic effects (mostly like due

to misregistration) are the source of error.

8.2 Observational Calibration Conclusions

Two polarisation standards were observed on the fourth night at Palomar. The

polarimetric information, from the literature, can be found in Table 6.1. The

analysis performed used aperture photometry for a more accurate measure of the

polarisation. Spatial polarimetry was not a requirement of these types of targets

and the resolution of the instrument was not sufficient to carry out any spatially

varying analysis. The observation of polarisation standards is a necessary step on

any observation night using a polarimeter to test the limitations and stability of

the instrument, as well as measuring the instrumental polarisation as a function

of time.

The results of the polarimetric analysis by GASP show that the zero polarisa-

tion standard HD12021 does not agree with the expected. It is taken that, in spite

of less than ideal observing conditions, that this target is measuring the instru-

mental polarisation at this stage in the night (Patat and Romaniello, 2006). The

polarimetric results for the DOLP, DOCP, and PA from the 6% standard BD25727

were more acceptable as this target is not weakly polarised and was observed at

a later stage in the night. Each target varied as a function of time within their

respective data sets for both a clear and R Band filter.

The results of the instrumental polarisation analysis demonstrated that there

was a change in this measurement from the beginning of the night toward the end of
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observation. It is also a measurement that is dependent on the source being weakly

polarised, in which case the polarisation will always be overestimated. Overall,

the results from this analysis show that GASP is measuring acceptable levels of

polarisation within instrumental limitations but a larger number of polarisation

standards is required per night of observation to ensure a better estimate.

8.3 Science Conclusions: Zenith Flat-Fields

A set of Zenith flat-fields were analysed using GASP when it was known to be

calibrated. These were recorded on observation Night 4 at the Palomar 200 inch

telescope. The results found indicate remaining geometric registration errors using

science data points; also found from bench calibrations. It has been discussed, in

previous chapters, that errors in misregistration will lead to errors in measured

values for DOLP and DOCP. Pixel errors due to misregistration of 0.3 pixels are

found, which could result in ± 6% error in the DOLP and DOCP for 4 × 4 binning.

This level of variation has been observed in the Zenith flats indicating that the

errors found in image registration can explain the variation in the polarimetric

results obtained using a pixel-by-pixel calibration method.

Analysis of the capability of GASP to operate as a spatial, imaging polarimetry

was performed. This showed a variation of 1% DOLP and a 0.3◦ PA over the field

when the SNR of the data was maximised. A small area of the field was shown to

be well registered for the limits and error discussed in Chapter 5.

The variation in the PA was analysed, where the lowest ∆PA observed was 0.83

± 0.03◦; the ∆PA value is approaching this value over time, where the expected

value in this time block is expected to be 0.71◦. All time blocks are expected to

show this ∆PA and a number of possibilities for where this error may occur have

been explored.

The expected value in the DOLP is not recorded, however, as observed in the

PA, it appears to approach a terminal ∆ value. The ∆DOLP shows ∼ 2% variation

in the last 5 frames and if more observations were obtained, this could continue to

decrease at this rate. The measured value for the DOCP was found to be ∼ 0.7%

for the data set, for a pixel-by-pixel method.

Further analysis was carried out using a method of aperture photometry. Po-
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larimetric results were obtained using an aperture displayed in Figure 6.13. The

results of this analysis showed some improvement in the expected value for the PA,

but no significant difference in the DOLP. An improvement was found for the value

of DOCP, though with some temporal variation. This was a successful analysis

method for this polarimetric value to reduce remaining distortion observed on TP2

- the calibration channel, which measures the circular polarisation. The reasoning

behind using aperture photometry was valid as this chosen aperture demonstrated

an improvement in the polarimetric output and the variation from pixel-to-pixel

is reduced by averaging.

Some conclusions were drawn due to the observed errors in the science ob-

servational analysis. The polarimetric results appear to show a dependence on

intensity, or value of SNR. The first 6 Zenith frames indicate that there a ran-

dom and systematic errors present and this is impossible to disentangle. Until the

SNR rises, the measured values for DOLP, DOCP and the PA show high variation

frame-to-frame. Possible errors in the timing/time-stamps of the iXon detectors

could show that the ∆ values found for the PA are closer to the expected result.

Finally, remaining systematic errors are most likely due to misregistration.

It is concluded that by using a number of analysis techniques it is possible

to reduce the calibrated GASP science data to produce meaningful polarimetric

measurements and compare them to a time varying expected value based on the

geometric position of the Sun relative to the Earth while observing at Zenith.

These results match well with was is expected from the Rayleigh Sky Model.

Further observations, for extended periods and higher SNR, could improve the

results found from this work.

8.4 Science Conclusions: Crab Pulsar

Science results of the Crab Pulsar and Nebula are presented. The first set of data

examined the polarimetric information from the Crab Nebula and determined the

polarisation of the pulsar and a nearby star Trimble 28. The polarimetric results

measured for the pulsar are in good agreement with what has been found in the

literature. It was found that the measurement for the nebula was most likely

contaminated by light from the pulsar and Trimble 28. If a larger FOV was
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available, this could have been investigated further.

In the case of an instrumental polarisation, the standard HD12021 was used to

investigate if the value for the DOLP measured by GASP is valid. As the pulsar is

expected to have a strong polarised signal, it is unlikely to be affected by instru-

mental polarisation. The DOLP of Trimble 28 was investigated by Moran et al.

(2013) and was found to be 1.6% polarised. It is possible that the instrumental

polarisation could have changed over the course of the night and if still high could

affect the value of Trimble 28 measured by GASP. If HD12021 is used, the DOLP

is underestimated compared with Moran et al. (2013). A more comprehensive

analysis of the instrumental polarisation is required over the night to determine a

more accurate measurement.

Phase resolved polarimetric analysis was carried out for the Crab pulsar, which

was imaged at a frame rate > 1000 fps. The results of this analysis have shown

inconclusive information. When compared to the literature (S lowikowska et al.,

2009), there are disparities in the shape of the DOLP curve as a function of phase.

The off-pulse region is underestimated and it is possible that errors in the TP

detector, which has been discussed in Chapter 7, have lead to this error. Incon-

sistencies in the bias offset and EM gain have been found from the raw data and

have been difficult to remove/reduce. The overall shape of the PA matches well

with the expected ‘S’-shaped curve, however, the mean value, and range over the

swing are not correct. If compared with the results from the integrated data, there

is a clear difference in the total counts from photometry between the RP and TP

channels.

Further investigation of the EM gain and bias settings could provide more

information regarding detector performance, particularly by reducing data sets

that vary the EM gain parameter. It is also possible that increasing the aperture

size in photometry could be effective.

8.5 Future Instrumentation & Experimentation

The choice of detector plays a large role in the scientific motivation in the devel-

opment of any instrument. In the case of GASP, the most suitable detector for

most observational endeavours are APDs, if no spatial polarimetric information
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is required. In terms of data analysis, using APDs would reduce the need for

conditioning the data prior to performing any calibration. There is no need for

registration. The light from a single source (astronomical or otherwise) is focused

on to the fibre and subsequently the focused signal is measured by the APD sensor.

The FOV of the fibre is chosen to match the seeing limit of the telescope. All the

light from the source is focused on to one pixel and measured as one signal. Any

optical distortions will not have an impact on an APD pixel in the same way that

it will when imaging a larger FOV.

In the case of imaging, to properly model the distortion variation on the chip,

one would require multiple frames of a moderately crowded field, which was not

available for this particular data set. There is also the added issue of the difference

between calibration frames and real science frames. It is understood that the

optical axes of calibration and science do not match perfectly, and this is expected

for the ECM; this misalignment can be solved by registering every frame to one

reference frame in calibration. Image binning has also been found to reduce this

offset.

Another reason for using APD detectors is if the scientific motivation requires

information read out a fast frame rates. This is a feature of APDs that is not readily

available from most imaging detectors due to the large readout noise trade-off that

occurs as a result. The use of EMCCDs greatly reduces this problem, however,

there are still limitations to how fast most detectors can operate, see Appendix

E. An advantage of using imaging detectors is that, if a suitable resolution can

be achieved, far more detail can be extracted from the polarimetric results. Fine

details in the surrounding FOV can be imaged, or discovered by using an ECM

pixel-by-pixel calibration. Features that are not distinguishable by optical imaging,

it may be possible to uncover new information using polarimetry in this way.

8.5.1 Recommendations

There are a number of tests that can be run in the laboratory with GASP to test

its calibration, stability, and limitations/precision. A number of these tests were

performed during the course of this work, however, there are other experiments

that can yield more information.
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It was found that there was a compromise in the FOV of the instrument when

using GASP on a larger diameter telescope. The size of the prism is the limiting

factor. It accepts a pupil size of ∼ 4.5 mm therefore, if the platescale of the

telescope is not very large, the FOV of the instrument will scale the same way.

In the case where a 5 m telescope (and larger) is a necessary factor in the science

observation goal, an overall improvement in optical quality is required. In order

to produce a larger FOV, the simplest solution is to design a larger prism with

less constraints placed on the optimisation of the quarter wave retardance of the

glass and geometric design. This was an important factor in designing the current

prism-rhomb, however, further optical designs could be explored to reduce this

constraint.

An important requirement when using GASP as an imaging polarimeter is that

images must be registered accurately. This can be addressed in the design stages

of the polarimeter. In order to reduce the extent of software post-processing a

suitable optical design, where optical aberration and distortion is minimised, is

required. This is possible using the optical design software Zemax. A suitable set

of optics to improve the image quality will aid in pixel-matching to reduce the

pixel errors across all channels, which has been discussed in Chapter 5 and by

Smith et al. (1999).

In the laboratory, an object must be placed at the focus of the instrument,

which contains a large number of points that are randomly distributed. If this is

not available, a USAF resolution test target can be used. Defined lines and edges

can be compared, however, using a gaussian/moffat fit to obtain the centre of a

target is recommended. A frame must be recorded for each channel with a high

SNR to give good target-to-background contrast and reduce noise improving PSF

fitting. A set of matched targets is created for each channel and a geometrical

transformation is defined, this will register any subsequent images recorded on

that specified channel.

Theoretically the distortion could be modelled by binning the data, however a

problem occurs whereby image resolution is lost, resulting in the loss of common

points, between the frames. There is a further complication in a difference between

calibration and science channels. It became clear during the initial stages of image

registration, that the optical axes of calibration and science were not matched well
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enough, and this is a requirement for the ECM; this problem can be solved by

registering every frame to one reference frame in calibration. This did not appear

to be a great concern when using these science points to match calibration frames

in the FOV of interest, but it is clear that some improvements can be made.

Once the registration has been established, calibration can be performed on

each of these targets to examine how the calibration varies over the field. This can

be done by performing the ECM (as discussed in this work) for each field location.

Alternatively, the entire FOV can be flooded to test the calibration at the pixel

level. Similar analyses of the Mueller matrix ECM samples (see Section 5.10.3)

can be performed to verify the results of calibration. This should be carried out

over an extended period to test the stability of the calibration. It has been carried

out in this work to good effect, however, it is important to test the stability in

a uniform environment and test the precision of the calibration through verifica-

tion. It is also important to test the stability when the calibration is subject to

environmental changes such as temperature. This is particularly important in the

case when GASP is used for the purpose of observing. If temperature fluctuations

cause instabilities, then this will have an effect on the stability of the measured

Stokes parameters. According to the results in Section 5.11 some environmental

changes were documented while observing with GASP, which show that the cali-

bration shows good stability over an extended period of 6 days. Further work is

recommended.

Some theoretical (and experimental) experimenting could be carried out to

test the sensitivity of GASP to errors in the image registration, and how this will

propagate through to a final value for DOLP, DOCP, and PA. This has been done

by Smith et al. (1999) and similar approach can be used for GASP. An error in

the misregistration in RMS pixel values can be modelled and passed through the

system calibration procedure, giving errors in the final Stokes vector.

Further sensitivity testing in the laboratory can be performed to test GASP’s

ability to measure low levels of polarisation. A number of different polarisation

states can be mixed, or an integrating sphere can be used to generate unpolarised

light. This will provide valuable information, in the laboratory, on the limitations

of GASP in measuring extreme low or high levels of linear/circular polarisation.

Variation in bias (noise fluctuations) effects will also provide significant information
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regarding the errors that GASP is subject to at low light levels. These errors could

have a large effect on the calibration and propagate through to the final measured

Stokes parameters. Is there a minimum intensity cut-off where the calibration will

not yield positive results?

It is the concluding recommendation of this thesis work, to consider redesign-

ing the optical prescription of the main prism-rhomb to improve the image quality

of the final output of the system. Furthermore, a suitable combination of optics

can limit the distortions that are clearly evident in the images presented from this

work. If this is implemented correctly, with a well aligned system, it is certain

that the final outputted images can be registered with less constraints from opti-

cal aberrations and imperfections in alignment resulting in distortions. It is also

necessary to use a source at the focus of the instrument, which is designed to have

a crowded field of points with a random distribution, e.g. a resolution target would

provide enough information. This can then be used to match points between all 4

channels, to ensure that every pixel is matched correctly.
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Appendix A

Polarimetric Expressions

The relationship between the calibration and the Stokes vector of input light is

given by 
I

Q

U

V

 =


a1,1 a1,2 a1,3 a1,4

a2,1 a2,2 a2,3 a2,4

a3,1 a3,2 a3,3 a3,4

a4,1 a4,2 a4,3 a4,4


−1

.


i1

i2

i3

i4

 . (A.1)

The Stokes vector can be used to calculate how highly polarised the light is

in terms of linear and circular polarisation. It can also be used to calculate the

polarisation angle of the light - the direction in which the polarised signal of the

light is travelling. The following equations show how the Stokes parameters can

be used to calculate the (fractional) degree of linear polarisation (DOLP), degree

of circular polarisation (DOCP), and the polarisation angle (PA):

DOLP =

√
Q2 + U2

I
(A.2)

DOCP =
V

I
(A.3)

PA = 0.5

(
arctan−1

U

Q

)
. (A.4)

The following are the equations used for the calculation of the (fractional) abso-
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lute errors in the DOLP, DOCP, and PA. They are calculated using the normalised

mean Stokes vector, where Stokes I has a value of 1 and the standard deviations

are based on the normalised Stokes parameters. If Stokes I is 1, then the standard

deviation on Stokes I will be 0.

∆DOLP =

√
(Q∆Q)2(U∆U)2

Q2 + U2
(A.5)

∆DOCP = ∆V (A.6)

∆PA = 0.5

(
(∆UQ)2 + (∆QU)2

Q2 + U2

)
(A.7)
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Appendix B

Pseudo-inverse Calibration
Method

One of the main applications of the Moore-Penrose pseudo-inverse, namely to

optimisation of linear least squares problems, which will be used by GASP during

calibration. Let A ∈ matrix (C, m , n) and y ∈ Cm be given and consider the

problem of finding x ∈ Cn satisfying the linear equation

Ax = y. (B.1)

If m = n and A has an inverse, the (unique) solution is, evidently,

x = A−1y. (B.2)

In the other cases, the solution may not exist or may not be unique. We can,

however, consider the alternative problem of finding the set of all vectors x' ∈
Cn such that the Euclidean norm ‖ Ax'-y ‖ reaches its least possible value. This

set is called the minimising set of the linear problem Equation B.1. Such vectors

x' ∈ Cn would be the best approximations for the solution of Equation B.1 in

terms of the Euclidean norm, i.e., in terms of “least squares.”As we will show,

the MoorePenrose pseudo-inverse provides this set of vectors x' that minimise

‖ Ax'-y ‖.
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Appendix C

ECM Mathematical Solution

When an appropriate set of reference samples (M1−4 in the case of GASP) has

been chosen it is useful to choose a matrix formulation to solve a set of linear

equations. Each of the samples are described by Mi for i = 1,2,3,4, where M1

constitutes a reference sample for air and is equal to the identity matrix. These

samples correspond to a set of intensities Bi for each Mi. The first measurement

yields,

B0 = AW. (C.1)

Next, the DRs, i.e. Mi for i = 2-4, are measured. From the raw data matrices

Bi the following matrices can be calculated,

Ci = B−10 Bi = W−1Mi. (C.2)

Equation C.2 has the same eigenvalues as Mi and these provide the real values

for τi, ψi, and δi, which is independent of the DR azimuthal angle, φi. W is then

determined from the unique solution of the set of equations:

MiW −WCi = 0. (C.3)

A linear operator K is built so that its only eigenvector associated with a zero

eigenvalue is W. K is defined based on both the experimentally known matrices

Ci and the values of τi, ψi, and δi. Working towards a solution for W the unknown

angles φi are determined from the requirement that one of the eigenvalues of K
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actually vanishes. K is found from the solution to the following equation,

K = HT
1 H1 + . . .+ HT

nHn (C.4)

where H is the matrix that represents the linear mapping HM . The matrix K

is a positive symmetric real matrix, so it can be diagonalised. The eigenvalues of

K are sorted is such a way that

λ1 > · · · > λn−1 � λn ≈ 0 (C.5)

where n depends on the size of the matrix K, which is a direct result of the

number of Bi samples measured. The value for n can be found from Equation

C.3. This is the solution to the calibration problem from a mathematical point

of view, however, this does not take into account the physical limitations. That

is, the equality HM(W) = 0 can never be exactly verified. Because of the limited

experimental precision, W−1(aw)−1(amw) is always slightly different from MW.

This fact imparts peculiar properties to eigenvalues in Equation C.5 of K. They

are all different from zero except λn, the smallest, which should theoretically be

null and which is close to zero in reality.

According to (Compain et al., 1999), it is necessary to ensure a good balance

among the non-zero eigenvalues of the matrix K. The eigenvalues of K being

sorted, as in Equation C.5, the accuracy is maximum when

λn−1
λ1

(C.6)

is maximum. The parameters τi, ψi, and δi can be experimentally determined

because the eigenvalues of a matrix product are independent of the product order.

Consequently, one can identify the theoretical eigenvalues of M to the eigenvalues

of the product of measured matrices (aw)−1(amw). The eigenvalues of P(τ, θ)

and MDR(τ, θ, δ) (see Section 5.2), are found to be λr1, λr2, λc1, λc2, the real and

complex eigenvalues of (aw)−1(arw). This leads to

τp = trace[(aw)−1(apw)] τr =0.5(λr1 + λr2)

δp = 0.5arg(
λc1
λc2

) ψ =arctan(

√
λr1
λr2

),
(C.7)
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where the trace is equal to the sum of the eigenvalues. r and p denote the type

of sample used. r for the dichroic retarder, and p for the linear polarisers. If θ has

the correct value, all the eigenvalues of K are non-zero except one, see Equation

C.5. On the other hand, when we depart from the actual value, the null space of

K is empty and the system has only a trivial solution, which is the null matrix

because all the eigenvalues are non-zero. As a consequence, we obtain the value

of u by minimising the amplitude of the smallest eigenvalue of K with respect to

the other eigenvalues:

θ is verified when
λn(θ)

λn−1(θ)
is minimised. (C.8)

The solution for W is the eigenvector of K associated with the smallest eigen-

value of K. Finally, A is calculated by

A = B0W
−1. (C.9)
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Appendix D

Avalanche Photodiode
Specifications

SPCM stands for Single Photon Counting Module. GASP used these detectors,

including array modules, for laboratory based experiments, the results of which

can be found in Chapter 5.6. All technical data sheets and reports can be found

through Elmer (2013).

The SPCM-AQR is a self-contained module that detects single photons of light

over the 400 - 1060 nm wavelength range - a range and sensitivity that often out-

performs a photo-multiplier tube (PMT). The SPCM-AQR-IX uses a unique sili-

con avalanche photodiode with a circular active area that achieves a peak photon

detection efficiency of more than 65% at 650 nm over a 180-µm diameter. The

photodiode is both thermo-electrically cooled and temperature controlled, ensur-

ing stabilised performance despite ambient temperature changes. Count speeds

exceeding 10 million counts per second (Mc/s) are achieved by the SPCM-AQR-

1X module. There is a ‘dead time’ of 50 ns between pulses. As each photon is

detected, a TTL pulse of 2.5 V (minimum) high in a 50 ΩΩ load and 35 ns wide is

output at the rear BNC connector. To avoid a degradation of the module linearity

and stability, a case temperature between 5◦ and 40◦ should be maintained.

The photon count decreases at higher incoming light levels. The count at which

the output rate starts to decrease is called the saturation point. As an extreme

example, if the module is exposed to intense light the count rate will fall to zero.

The SPCM-AQR-WX-FC has an ‘FC’ fibre-optic receptacle pre-aligned to the

optical detector. The photon detection efficiency of connector equipped modules is
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Figure D.1: SPCM-AQR unit used to measure counts from one of the GASP
DOAP channels.

about 95% of that quoted for standard modules. Fibre shielding When used with

optical fibres, both the fibre itself and the connector shrouds must be completely

opaque; otherwise, stray light will increase the count rate.

One peculiarity of silicon avalanche photodiodes is that as an incoming photon

is detected, a small amount of light is emitted from the avalanche region. The

emitted light has a broad spectral distribution. In most cases, this is not a problem.

However, it can cause some confusion if another detector is monitoring light, or

if the optical system is such that light emitted from the SPCM-AQR is reflected

back on itself. If these photons return 35 ns after the initial event, they will be

detected.

In the dark, the module generates random counts that follow a Poisson distri-

bution. In a Poissonian process, the standard deviation is equal to the square root

of the average count. In this specification, the ‘dark count variation’ refers to the

stability of the average count of the module.

Another module utilised by GASP is found in Figure D.2. Each photodiode

is both thermo-electrically cooled and temperature controlled, ensuring stabilised

performance despite changes in the ambient temperature. The SPCM-AQ4C card

uses an improved circuit with a peak count rate > 4 Mc/s for short bursts of time
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Figure D.2: SPCM-AQ4C array unit used to measure counts from one of the GASP
DOAP channels.

on all 4 channels and a count rate of 1.5 Mc/s for continuous operation.

The SPCM-AQ4C requires + 2 V, + 5 Volt, and + 30 V power supplies. The

output of each channel - a TTL pulse that is 4.5 V high (into a 50 Ω load) and 25

ns wide - is available at the card edge behind the circuit board. Each TTL pulse

corresponds to a detected photon. All input and output signals are available at

the card connector. To avoid a degradation of the module linearity and stability,

the heat sink temperature should be kept between 5◦ and 40◦ during operation.
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Appendix E

iXon Ultra 897 Specifications

Photon Counting in EMCCDs is a way to overcome the multiplicative noise asso-

ciated with the amplification process, thereby increasing the signal to noise ratio

by a factor of root 2 (and doubling the effective Quantum Efficiency of the EM-

CCD). Only EMCCDs with a low noise floor can perform photon counting. The

approach can be further enhanced through innovative ways to post process ki-

netic data. Andor designs incorporate back-illuminated sensors offering up to 95%

Quantum Efficiency (QE). All technical data sheets can be found from Technology

(2013).

Andor offer specific application requirements, such as providing effective charge

purging immediately prior to acquisition, specific coatings, coupling to fibre op-

tic scintillators and also specific interface requirements. As of now the Andor

iXon brand has been prevalent across a variety of demanding applications, such

as photon counting, lucky astronomy, adaptive optics, Bose Einstein condensa-

tion (BEC) / ion trapping, single molecule detection / nanotechnology, neutron

tomography, X-ray/Gamma tomography, plasma diagnostics, Raman detection,

sono- and thermo-luminescence detection.

Facilitated by a fundamental redesign, the new iXon Ultra platform takes the

popular back-illuminated 512 × 512 frame transfer sensor and overclocks read-

out to 17 MHz, pushing speed performance to an outstanding 56 FPS (full frame),

whilst maintaining quantitative stability throughout. The status of ‘Ultimate Sen-

sitivity’ is also preserved in this model, offering thermo-electric cooling down to -

100◦ and industry-lowest clock induced charge noise.
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Figure E.1: iXon Ulta 897 EMCCD detector used to record image data from 2
GASP DOAP channels simultaneously.
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Figure E.2: Readout process and EM application for conventional and electron
multiplication amplifier.
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Table E.1: iXon Ultra 897 Key Specifications.

Active Pixels 512 × 512

Pixel Size (W × H; µm) 16 × 16

Image Area (mm) 8.2 × 8.2

Active Area Pixel Well Depth (e-) 160,000

Max Readout Rate (MHz) 17

Frame Rates (frames per sec) 56

Read Noise (e−1)
98 17 MHz

66 10 MHz

< 1 with EM gain

QE max > 90%
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Suhai, B. and Horváth, G. (2004). How well does the rayleigh model describe

the e-vector distribution of skylight in clear and cloudy conditions? a full-sky

polarimetric study. Journal of the Optical Society of America A, 21(9):1669–

1676.

Technology, A. (2013). Andor Technology iXon Ultra 897 Technical Data Sheets.

Thompson, R. C., Bottiger, J. R., and Fry, E. S. (1980). Measurement of polarized

light interactions via the mueller matrix. Applied Optics, 19(8):1323–1332.

292



Tinbergen, J. (1996a). Astronomical Polarimetry.

Tinbergen, J. (1996b). Astronomical Polarimetry. UK: Cambridge University

Press.

Tinbergen, J. (2003). Circular polarimetry: why and how. Astrophysics & Space

Science, 288:3–14.

Tompkins, H. G. and Irene, E. A. (2005). Handbook of Ellipsometry. William

Andrew publishing, Springer.

Treanor, P. F. (1968). A new technique for stellar polarimetry. Monthly Notices

of the Royal Astronomical Society, 138:325.

Trujillo-Bueno, J., Moreno-Insertis, F., and Sanchez Martinez, F. (2002). Astro-

physical Spectropolarimetry.

Turnshek, D. A., Bohlin, R. C., Williamson, II, R. L., Lupie, O. L., Koornneef,

J., and Morgan, D. H. (1990). An atlas of Hubble Space Telescope photomet-

ric, spectrophotometric, and polarimetric calibration objects. The Astronomical

Journal, 99:1243–1261.

Tyo, J. S. (2006). Hybrid division of aperture/division of a focal-plane polarimeter

for real-time polarization imagery without an instantaneous field-of-view error.

Opt. Lett., 31(20):2984–2986.

Tyo, J. S., Goldstein, D. L., Chenault, D. B., and Shaw, J. A. (2006). Review

of passive imaging polarimetry for remote sensing applications. Appl. Opt.,

45(22):5453–5469.

Ugolnikov, O. and Maslov, I. (2009). Polarization measurements of twilight sky:

Studies of atmospheric aerosol from the troposphere to mesosphere. Atmospheric

and Oceanic Optics, 22(2):192–197.

van den Bergh, S. and Kamper, K. W. (1984). The expansion age of the supernova

remnant RCW 89 = MSH 15 52 (G320.4 - 1.2). Astrophysical Journal Letters,

280:L51–L54.

293



Wagner, S. J. and Seifert, W. (2000). Optical Polarization Measurements of Pul-

sars. In Kramer, M., Wex, N., and Wielebinski, R., editors, IAU Colloq. 177:

Pulsar Astronomy - 2000 and Beyond, volume 202 of Astronomical Society of

the Pacific Conference Series, page 315.

Wallace, P. T., Peterson, B. A., Murdin, P. G., Danziger, I. J., Manchester, R. N.,

Lyne, A. G., Goss, W. M., Smith, F. G., Disney, M. J., Hartley, K. F., Jones,

D. H. P., and Wellgate, G. W. (1977). Detection of optical pulses from the

VELA pulsar. Nature, 266:692–694.

Wampler, E. J., Scargle, J. D., and Miller, J. S. (1969). Optical Observations of

the Crab Nebula Pulsar. Astrophysical Journal Letters, 157:L1.

Wang, R. C. C., Deen, M. J., Armstrong, D., and Fang, Q. (2011). Development

of a catadioptric endoscope objective with forward and side views. Journal of

Biomedical Optics, 16(6):066015–066015.

Warner, B., Nather, R. E., and Macfarlane, M. (1969). Further Observations of

the Crab Nebula Optical Pulsar. Nature, 222:233–238.

Weisskopf, M. C., Silver, E. H., Kestenbaum, H. L., Long, K. S., and Novick, R.

(1978). A precision measurement of the X-ray polarization of the Crab Nebula

without pulsar contamination. Astrophysical Journal Letters, 220:L117–L121.

West, S. C. (1989). The optical and near-infrared continuum polarization of five

magnetic white dwarf stars - New observations and considerations regarding its

origin. Astrophysical Journal, 345:511–521.

Wickramasinghe, D. T. and Meggitt, S. (1986). The electron temperature of AM

Herculis type systems. Astrophysics & Space Science, 118:287–289.

Zhang, L. and Cheng, K. S. (1997). Gamma-Ray Production through Inverse

Compton Scattering with Anisotropic Photon Field from Accretion Disk in

AGNs. Astrophysical Journal, 488:94.

294


