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ABSTRACT

A NEAR-INFRARED FILTER SYSTEM AND STUDY OF
SOLAR UMBRAL DOTS AT 1.56 pm

by
Jingshan Wang

The observations of solar magnetic fields are very important because they influence
events on the sun. Almost all of magnetographs in the world work in the visible
wavelength and they are powerful instruments for measuring strong magnetic fields
(above 1000 Gauss) on the sun. To measure fhe weak solar magnetic fields (below 1000
Gauss), a new filter system (magnetograph) working in near-IR wavelength has been
developed in this work. This system includes an interference prefilter (FWHM ~ 40A), a
liquid crystal magnetic analyzer, a near-IR birefringent filter (FWHM ~ 2.54), a near-IR
Fabry-Perot filter FWHM ~ 0.12A), a near-IR InGaAs camera and an image processing
computer. The most impoitant part in this system is the near-IR birefringent filter. A new
method of wavelength tuning is developed with combination of calcite and liquid crystal
variable retarder. The liquid crystal variable retarder is the wavelength tunable device in
every element of the filter. This is the first original design for a tunable Lyot birefringent
filter in near-IR wavelengths. The optical design and test results of this near-IR
birefringent filter are presented in this dissertation.

The birefringent index of calcite in the near-IR range, p= n. — n, is a critical
parameter in the design of the birefringent filter. The values of 1 in the literature have
been found to be unreliable in the near-IR range. A new method is developed to
accurately measure the birefringent indices from 1.0 to 1.65 pwm using sunlight as the

light source, a spectrograph as spectrum analyzer and the InGaAs camera as the detector.



The temperature coefficient of peat 1.56 um is also measured. The value of prat 1.56 pm
was used in the design of the near-IR birefringent filter and the filter specifications are
found to be satisfactory.

The optical components including the four pairs of calcite and the half waveplates
have been tested. The results show that the optical components satisfy the specifications
of the filter system. The basic theory of a Fabry-Perot filter is presented and the test
procedures of the near-IR Fabry-Perot filter, ET70FS-104, are also considered.

In this dissertation, the first observations and studies of umbral dots at 1.56 um are
made. The image data are obtained with a S0A wide interference filter centered at
1.56um with the near-infrared InGaAs camera as the detector. The image data include
two sequences of images of a complicated sunspot and a simple sunspot. The dynamic
motion properties of umbral dots are studied from the movies of the two sunspots. From
the data analysis, the contrast distribution, size distribution and lifetime of umbral dots

are presented.
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CHAPTER 1
INTRODUCTION

The sun is a star that is extremely important for us because it provides light and energy,
for life on Earth. There are a lot of physical phenomena occurring on the sun, such as,
solar flares, sunspots, prominences, etc, in active regions and quiet regions. The sudden
occurrence of some of these kinds of phenomena may very much affect us. For example,
when a large solar flare occurs on the sun, a Huge number of highly energy particles
emitted from the sun will arrive to the earth; and power systems, radio and satellite
communications may be interrupted in some areas in the world. On the other hand, the
sun is the nearest star to us and hence it is the only star that we can observe in detail.
Research studies of the sun can provide much information that can be useful for studies
of other stars. Therefore, the sun could be called “ a laboratory for astrophysics”[1].
Thus, solar observations and studies in solar physics are very important, not only for
predicting solar events and avoiding any damage to our technological society, but also for
astronomical research.

Solar magnetic fields are fundamentally important for many solar events. One of the
methods to measure solar magnetic fields uses the Zeeman effect. According to the
Zeeman effect, the splitting of solar spectral lines, AA, which is due to the solar magnetic
field, is proportional to gA’B, where, A is the wavelength of the Zeeman sensitive line, g
is the Lande factor of the line and B is the magnetic field strength. Usually, large sunspots
possess strong magnetic fields - on the order of 2000 to 3000 Gauss. However, in other
solar features, such as plages, the magnetic fields are only about 1000 to 1500 Gauss, and

there exist weak, sub-kilogauss, fields in other structures, such as the intranetwor









is why the ground-base solar instruments work well in the visible, near-infrared and radio
wavelength regions, while the observations at ultraviolet and X-rays (hard and soft
X-rays) have to be done in space. So the other advantage of the near-infrared solar
observations is that it has a good atmospheric window.
A near-IR filter system (magnetograph) is developed at the Big Bear Solar
Observatory (BBSO), New Jersey Institute of technology (NJIT). This system is designed
to obtain the chromatic images of the sun and measure the solar magnetic fields at the
magnetic sensitive Fel15648.5A and Fel15652.9A. Because this system is wavelength
tunable, Stokes profiles can be obtained using wavelength scanning. In this dissertation,
this near-IR filter system is discussed in detail in Chapter 2. It includes:
(1) Introduction (section 2.1) --- a review of the solar optical instrumentation
(section 2.1.1) and the principle of a birefringent filter (section 2.1.2);

(2) Measurement of the birefringent index of calcite in near-IR spectral range
(100pm to 1.65um) (section 2.2);

(3) Optical design of the near-IR birefringent filter (section 2.3);

(4) Discussion of the near-IR Fabry-Perot filter (section 2.4).

In Chapter 3, umbral dots at 1.56um in the active regions NOAA 8485 and NOAA
8489 are studied. The data were obtained in March, 1999, with a near-IR InGaAs camera
and a 50A interference filter. The contrast distribution, size distribution and lifetime of

umbral dots in these active regions are analyzed.



CHAPTER 2
A NEAR INFRARED FILTER SYSTEM
2.1 Introduction

2.1.1 Evolution of the Solar Optical Instrumentation

In the literature, the sun has been studied for a long time. Eclipses were probably first
"recorded" prior to 1948 B. C., and telescopic observations of the sun’s surface began
around 1610 due to the invention of telescopes. At about that time the sunspots were
systematically observed, by Galileo, Fabricius, Scheiner and Harriot. With the telescope,
scientists could describe the sun's appearance, watch the movement of sunspots, and
measure the sun's rotation. Telescopes consist of two kinds: refractive and reflective. An
important parameter of a telescope is the limit of diffraction resolution[6]:

oo 1224 @1

where, 6 is the angular separation of two distant objects that could be seen clearly, ¢ is
the diameter of the primary lens or mirror of the telescope and A is the wavelength of
light. For example, if the diameter of a telescope is 10 inches (25.4cm) for light near the

center of visible range (A ~ 560nm), the theoretical diffraction limit of resolution is given

by:
-5
:1.22x5.6><10 cm ~2.69%10°, 2.2)
25.4cm
or, in arc seconds,
0~0.55". (2.3)

For near-IR wavelength, for example, A = 1560nm, the theoretical diffraction limit

of resolution is:












1.22x1.56x10*cm

= =~ 2.89%107¢, (2.6)
26inchx2.54cm/inch
or, in arc seconds,
0~ 0.60". 2.7

On the other hand, the primary lens of refractors is typically smaller. For example, the
10-inch and 8-inch telescopes at BBSO are refractors. The 8-inch refractive telescope is
used for the solar full disk H, observation and the 10-inch refractive telescope is utilized
for observations of solar magnetic fields at A = 6102A.

The solar tower telescope, a special vertical telescope, was invented for use in solar
studies. Its long focal length can give very large images of the sun (up to more than 30
inches in diameter). The coronagraph, another special telescope, is used to examine the
sun's outer atmosphere. The instrument blocks the direct light from the sun's disk and
allows its dim outer atmosphere, called the corona, to be viewed. The details of these
instruments are not discussed here.

When a ray of sunlight, which appears white, passes through a prism or a
diffraction grating, it spreads out into a series of colors called a spectrum. The spectrum
and its fine structures are used not only to determine chemical composition of the sun as
well as their abundance, location, and physical states, but also to measure solar magnetic
fields using Zeeman effect. In 1814, Joseph von Fraunhofer began a thorough study of
the solar spectrum. He found that it was crossed by many dark lines, now called
absorption lines or Fraunhofer lines. Meanwhile, other scientists had been studying the
light emitted and absorbed by elements in the gaseous state when they were heated in the

laboratory. They discovered that each element always produced a set of bright emission
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lines associated with that element alone. The dark solar line that Fraunhofer had called D
was shown to have the same position in the spectrum as the brilliant line that sodium
gave off when it was heated in the laboratory. It is now believed that the dark bands
represent elements in the sun's atmosphere. The lines are dark because the elements in the
sun's atmosphere absorb the bright lines given off by the same element on the sun's disk.
Linking the lines of the spectrum with the elements that emit or absorb them provided a
way to study the composition of the sun's surface. For the study of the spectrum, the
spectrograph was invented and was used widely in many spectral analysis research areas.
For astronomical applications, the spectroheliograph was invented. It consists of a
slit to limit the entering light, a collimator that makes the light diverging from the slit to a
parallel collimated light, a grating to disperse this light and a camera to record the result.
Various optical arrangements are used to achieve this result, depending on the goals of
the particular spectrograph. In a Littrow spectrohelograph, a single lens performs the
function of both a collimator and a re-imaging lens of the camera. Figure 2.4 is the
optical diagram of the Littrow spectroheliograph of BBSO[8]. The slit 1 is at the focus of
the Littrow lens, which produces parallel light. This light is diffracted by the grating and
refocused by the lens on slit 2 where a camera is placed. An image of the slit 1 at each
wavelength is produced on the slit 2. If the slit 1 is moved across the sun, images of the
sun in all wavelengths are built up.
The grating diffraction formula is given by:
dsin@ = mA, (2.8)
where, d is the separation between the lines of the grating, 6 is the angle of diffraction, m

is the order and A is the wavelength of the light. The inverse dispersion is the change in
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so the inverse dispersion (in A/mm) is:

-17d—9—=7ctan9. (2.10)

The dispersion resolution of the spectroheliograph can be down to the order of 0.01A.
The spectroheliograph of BBSO was used for the test of calcite elements and the
measurement of the birefringent index from 1.0um to 1.65um. The results of these test
and measurements will be described in the later sections..

Although two-dimensional images of the sun can be obtained using the
spectroheliograph with high spectral resolution band-pass, it is relatively slow, especially,
for monitoring very fast phenomena on the sun, such as solar flare. The Lyot birefringent
filter, proposed by B. Lyot and independently by Y. Ohman in the 1930s, made it
possible to take instantaneous two-dimensional monochromatic images of the sun[9-11].
This kind of instrument is known as monochromator. It consists of several polarizers and
birefringent crystal (quartz or calcite) plates. Each crystal plate with the optical axis
parallel to the face is sandwiched between two polarizers. The thickness of each crystal
plate is twice as thick as the preceding one.

Since 1930s, much progress has been made in the design of the birefringent filter.
Lyot devised a wide-field configuration in which the element is split into two equal-
thickness halves rotated 90° and separated by a half waveplate. This has the effect of
making the optical axes symmetric and permits entrance of beams up to 4° - wide field.
In addition, each element can be tuned in wavelength by placing a quarter waveplate
before the second polarizer. Rotation of the second polarizer can shift the wavelength of
the transmission peak. Evans showed that one could eliminate a polarizer by placing one

element between the split elements of a thinner one and crossing the end polarizers[12].
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It is possible to reduce the total numbér of polarizers and improve the transmittance
significantly.

Another kind of birefringent filter was developed by Iven Solc in 1949[13-14]. A
series of birefringeﬁt equal-thickness plates with different optical axes is sandwiched
between two polarizers in a Solc birefringent filter. It has high transmittance, but it is not
easy to tune the wavelength. In the 1970s, Jacques M. Beckers employed the achromatic
waveplate, made of M,F, and quartz and used from 4200A to 70004, to develop the
Universal Birefringent Filter (UBF) which is fully tunable for the entire visible range[15].
In 1976, Alan M. Title proposed a partially polarized birefringent filter with partial
polarizers.

In order to obtain two-dimensional solar images or solar magnetograms at different
wavelengths simultaneously, the multi-channel birefringent filter was proposed by
Guoxiang Ai and Yuefeng Hu[16-18] in 1986. Polarized beam splitters are used as the
second polarizers of a few birefringent crystal elements in the birefringent filter to
develop multi-channel outputs at different wavelengths. If the wavelengths are on
specific Fraunhofer lines, many solar images, even magnetograms, at different
wavelengths can be obtained simultaneously. Because the different wavelengths are from
different layers of the solar atmosphere, three-dimensional images or magnetic field
structures are expected to be obtained. Currently, there are over a hundred birefringent
filters, which are working as a key solar instrument around the world. Most of them are
used in the visible range of light for chromatic imaging and solar magnetic field
observations. The working principle of birefringent filter will be described in detail in the

next section.
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The Fabry-Perot filter is another type of narrow pass-band device that can be used
as a solar imaging instrument. D. Bonaccini et al. employed a Fabry-Perot and a universal
birefringent filter to obtain a two-dimensional spectrograph in the visible wavelength
range from 4200A to 7000A[19-20]. In the 1990s, Craig A. Gullixson et al. proposed
using two Fabry-Perot interferometers in tandem to get a near infrared imaging vector
magnetograph[21] and measured the properties of the Fabry-Perots with a 1523nm laser
and sunlight[22]. In this dissertation, a near-IR (at Fel15648.5A and Fell5652.9A)
magnetograph, which includes a narrow Fabry-Perot filter and a tunable birefringent filter
with liquid crystal variable retarders, is proposed and designed[23].

Magnetic fields are the most important features on the sun because many
phenomena that exist on the sun such as sunspots, flares, filaments, etc., are dominated
by the solar magnetic field. The solar magnetic field was first measured by George E.
Hale at the beginning of this century[24-26]. In 1907-1908, by measuring the Zeeman
splitting in magnetically sensitive lines in the spectra of sunspots and detecting the
polarization of the split spectral components, Hale provided the first unambiguous and
quantitative demonstration that sunspots are the seats of strong magnetic fields. Not only
was this the first detection of a magnetic field outside the Earth, but the inferred magnetic
field strength, 3000 Gauss, turned out to be over 10 thousand times greater than the
Earth's own magnetic field. It was subsequently realized that the pressure provided by
such strong magnetic field would also lead naturally to the lower temperatures that were
observed within the sunspots, as compared to the photosphere. In the following decade,
Hale and collaborators went on to show that large sunspots pairs almost always:

(1) show the same magnetic polarity orientation in each solar hemisphere,
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(2) show opposite polarity orientation in the north and south solar hemispheres, and

(3) these polarity orientations are reversed from one sunspot cycle to the next,
indicating that the physical magnetic cycle has a period that is twice that of the
sunspot cycle.

These empirical observations have stood the test of time and are since known as
Hale's polarity Laws. Their physical origin is now known to originate with the operation
of a large scale hydromagnetic dynamo within the solar interior, although the details of
the process are far from adequately understood. Because the sun's dynamo generated
magnetic field is ultimately responsible for all manifestations of solar activity (flares,
coronal mass ejections, etc.), to this day, solar dynamo modeling remains a very active
area of research in solar physics.

Observations of solar magnetic fields was revolutionized by the development of the
magnetograph by Harold Babcock[27]. Until that time, solar magnetic fields could only
be detected in sunspots, but in other regions the Zeeman splitting was too small. Babcock
developed a photoelectric device to measure the weaker fields[27-28]. In this system, an
electro-optic KDP crystal was used in front of the spectrograph. When a proper voltage is
applied to this crystal it produces a retardation of a quarter waveplate, which changes
circularly polarized light into two light beams linearly polarized at right angles to one
another. If a polarizer is placed behind the crystal, one of the light beams can go through.
As the voltage is alternated, the intensity of absorption line is modulated. The difference
between the intensities is proportional to the longitudinal magnetic field strength. This
type of electro-optic device is known as a magnetic analyzer that can be used to select the

different polarization. The Babcock system can measure the field at a single point on the
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sun. In 1973, Leighton and Smithson[29] replaced the spectrograph with a Lyot
birefringent filter and a diode array as the receiver to obtain two-dimensional
magnetograms directly. With the tremendous progress in seﬁﬁconductor technology, the
CCD camera became very popular in the visible range. The InGaAs near-IR camera has
high photon efficiency and good imaging quality. Hence, the modern magnetographs,
which include a tunable birefringent filter or a scanning Fabry-Perot filter as the narrow
monochromator and CCD camera as the receiver, are widely used in observations of solar
images and magnetic fields.

The spectrograph and the narrow pass-band filter (birefringent filter or Fabry-Perot
filter) have advantages and disadvantages as solar observation instruments. With the
spectrograph, information can be obtained with

(1) very wide spectral range (from ultraviolet to near infrared),

(2) high spectral resolution (~ 0.014), but,

(3) a very small field of view (with a slit) and very low time resolution (it takes a
long time to scan a region or the whole disc of the sun!).

With a narrow pass-band filter, the advantages and disadvantages include:

(1) very high time resolution -- instantaneous two dimensional monochromatic
images, magnetograms and dopplergrams which measure velocity fields. It is
very important for the rapid phenomena, such as solar flares, etc.

(2) designed for specific wavelengths and

(3) relatively lower spectral resolution (~ 0.05A).

The instrument chosen in the study of solar physics depends on the goals of the

research. In this dissertation, the working principles of a Lyot birefringent filter and
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tunable wavelength methods will be discussed in section 2.1.2. The measurement
principle of solar longitudinal magnetic fields is also discussed in section 2.1.2. The
schematic description of the near-IR filter system with a birefringent filter and a Fabry-
Perot filter is given in section 2.1.3. The details of the near-IR filter system are discussed

in sections 2.2, 2.3 and 2.4.

2.1.2 Principle of a Bireferingent Filter

2.1.2.1 A Simple Lyot Birefringent Filter. A birefringent filter depends on the
interference of polarized light transmitted though plates of birefringent crystal in the
direction perpendicular to the plane of the optic axes. Let n, and n, be the extraordinary
and ordinary indices of refraction. The difference between n.and n,, 4 = n,— n,, is knowﬁ
as the birefringent index of the crystal. There are two kinds of birefringent crystals
according to the value of u, positive (u > 0, e.g., quartz) and negative (1 < 0, e.g.,
calcite). Consider a plate of some birefringent crystal, such as quartz, calcite, etc., which
is cut with its surface parallel to the optical axis of the crystal and perpendicular to the
incident light ray. Its optical axis is 45° with the polarization directions of the polarizers,
placed between two parallel polarizers (Fig. 2.5). The light ray in the crystal will be split
into two rays, one is extraordinary light (e-ray) and the other is ordinary light (o-ray). The
fraction of transmitted light 7 will be a function of wavelength, A, and temperature, given
by:

1A, T)d

n m) =cos’(on), (2.11)

T, = cosz(—62—) =cos’(
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Maximum (FWHM) indicating the spectral width when the intensity of the pass-band is
half of the maximum. FWHM is decided by the thickest element. The free spectral range
(FSR) of a birefringent filter is another important parameter indicating the spectral
separation between two pass-bands (peaks). FSR is decided by the thinnest element.
There are two equivalence principles existing in a birefringent filter[30]:
* Rotational equivalence. If the filter is rotated with the axis along the incident
light, the transmittance remains the same.
* Reversible equivalence. If the direction of the incident light is changed by
180°, the transmittance remains the same.
These two principles are very important for determining the directional arrangement of

the optical components in the design and assembly of a complicated birefringent filter.

2.1.2.2 Methods of Tuning Wavelength. In practice, it is difficult to control the
thickness of a birefringent crystal during polishing for maximizing the transmittance
(exactly) on a spectral line. Therefore, a wavelength tunable design of the filter is critical
for calibration, testing of components and for the fabrication of an entire filter. On the
other hand, wavelength tuning is also required for measurement of solar magnetic fields.
There are several methods for tuning wavelength. These are:

e Changing temperature T (i, d are all functions of T) - Usually it takes a long time

to get a stable temperature. Therefore, this method is not usable in practice.
* Rotating polarizers or half waveplate - A quarter waveplate, which follows the

crystal with 45° difference of their optical axes, is followed by a rotating polarizer
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e Near-IR InGaAs camera: Sensors Unlimited, 10000A to 170004, 320x240

pixels
This system is expected to achieve a clean narrow pass band of 1/8A. Using this
system, we can obtain the chromatic images in a spectral range near 1.56um and solar
magnetograms. The pass-band of this system can also be tuned across the spectral line to

obtain line profiles of every point in a two-dimensional field of view.

2.2 Measurement of the Birefringent Index of Calcite

2.2.1 Birefringent Index of Calcite at 1.56um
In section 2.1.2, it was mentioned that the birefringent index of a crystal, u = n, — n,, is
an important parameter for the design and fabrication of a birefringent filter.

In the visible light range (0.4um to 0.7um), the values of the birefringent index of
calcite and quartz are quite reliable. Refractive index values and the birefringent index
values of calcite in handbooks of optics[33, 34] are presented in Table 2.1. But, in the
infrared range, we could extrapolate the value of u at 1.56um up to about -0.156 from of
the curve in Fig. 2.17.

During the design of the near-IR magnetograph, this value was used in the
calculations of thickness of calcite elements. But, in the process of testing the polished
calcite, the FWHM of every element does not coincide with the design value.This is
because, the “known” value of the birefringent index of calcite at 1.56 um is found to be
unreliable in the near infrared range. Therefore, the hirefringent index of calcite and its

temperature coefficient at 1.56um are measured. Furthermore, the birefringent indices of
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n= —-/1-, , (2.22)
P
nA A
u=iemo (2.23)

Therefore, if p and d can be measured, we can calculate u at wavelength A and

temperature T using Eq. 2.23. The measurement error can be estimated by:

Au = ,u[éﬁ+ A—d-J (2.24)
p d

This is a random error in the measurement of y. The systematic errors due to instrument
errors, such as polarization direction of the polarizers and the optical axis of the calcite,
only increase scattered light, but do not affect wavelength positions of the peaks
(maximum values). Therefofe, these kinds of errors do not give rise to measurement error

of u. Error analyses and calculations are given in appendix B.

Because the birefringent index, u, is temperature sensitive, the calcite plate must be
contained in a temperature-controlled chamber. The two parallel polarizers and an
insulated container are installed on a regular bench (Fig. 2.19), and the bench is placed in
front of the slit of the spectrograph of BBSO when measuring the birefringent index of
calcite or testing the optical components.

The two polarizers, P, and P,, are separately mounted on accurate rotators, and are
set to be parallel to each other and to one of the inner sides of the insulated container. The
measured calcite is square and the optical axis of the calcite plate is along the surface and
45.0° £ 2’ to its one side. The calcite could be put in or taken out from the container

easily for tests.
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2.2.1.2 Birefringent index of Calcite at Room Temperature (21°C) and at the Filter
Working Temperature (43°C). The measured calcite plate is a sample plate with
thickness, dy = 10498.0 = 3.0um at T, = 69.0°F (21.56°C). The thermal expansion
coefficient along the direction perpendicular to the optical axis of calcite is = -3.7x10®
/°C[33]. Because B is negative, calcite will shrink in this direction with increase of
temperature like ice. We can obtain its thickness at temperature, 7, by d = d, (1+AT),
where, AT = T - T),. From Fig. 2.22j, we can obtain the spectral profile vs. pixel position
or wavelength A (Fig. 2.23). Figure 2.23 shows a sample spectral profile near
Fel15648.5A. The locations of the two lines L1, L2, whose wavelengths are ALY
=15621.695A, A(L2) =15662.012A, can be identified in pixels. A spectral resolution of
0.2940A/pixel is obtained from these data. This resolution results from dividing the
spectral range by the number of pixels in the X-axis of the image. Thus, wavelength
corresponding to each pixel can be calculated and the X-axis can be translated into
wavelength. Although the background of the images is not uniform, it does not affect the
analysis of the data.

Figure 2.23 shows the normalized transmission profiles of the measured calcite
plate with respect to wavelength at room temperature T = 21°C and the filter operating
temperature 7' = 43°C. The separation between the two maximum peaks, p, is measured
as p (21°C) = 13.156A and p (43°C) = 13.176A. Using Eq. 2.22, we get n(A=15648.5 A,
T = 21°C) = -15648.5A/13.156A = -1189.4356 and n (A=15648.5 A, T = 43°C) = -
15648.5 A/13.176A = -1187.6662. The thickness of the calcite is d(21°C) = dy(1+BAT)

=10498.03um and d(43°C) = dy(1+PAT) = 10497.18um, using Eq. 2.23 we obtain:
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independent of the birefringent index u and thickness of the sample. Figure 2.22 clearly
shows the shifts to the blue (short wavelength) end of the spectrum for the maximum
peaks with an increase in temperature. These shifts are due to the variation of u and
shrinking of the calcite thickness as temperature increases. If « is the thermal coefficient
of u and B is the thermal expansion coefficient, we have:

W) = w(T)) (1+ aAD), (2.30)

and
d(Tz) = d(T;) (1 + BAT), (2.31)
where, AT= T, -T;, B=-3.7x10"®/ °C. The higher orders of AT are ignored.
For a specific peak of the intensity, let the retardation be n at a specific temperature
T, and let the position be A, as shown in Fig. 2.22. The position of the peak will shift

from A, to A, as the temperature increases, where AA = A; —A; Therefore, we have:

a7, n=tih (2.32)
1
Hod, w(1+0AT)d,(1+ PAT) pd, ( AA
tT, n= ~ ~ 1+aA T-==1. 2.33
Al n= A+ AA 7 R 239

The higher order terms are neglected in Eq. 2.33. Combining Eqgs. 2.32 and 2.33, we

obtain:

AA
(! “ =—. .34
* AAT (2.34)

1
Knowing the wavelengths at which the peaks occur (marked as n in Fig. 2.22) and

with the use of Eq. 2.34, we get the results for o as shown in Table 2.2. « is obtained by

subtracting B from values of a + f. The temperature coefficient the birefringent index, «,
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2.2.2 Birefringentvlndices of Calcite from 1.00um to 1.65um at 21°C

In section 2.2.1, we discussed the birefringent index of calcite near 1.5648um. This is

required for our IR birefringent filter. In this section, a discussion of the measurements of

birefringent indices of calcite in a wide wavelength range is presented. Sunlight is the

light source and the same sample of calcite is used. As described in section 2.2.1, the

measurement includes several steps:

(D

()

3

4
&)

Choosing the working wavelength range - This depends on (a) the intensity of
the solar spectrum. In some spectral range, many strong absorption lines occur
with the result that the intensity of solar spectra appear to be too low (or dark)
to be measured. (b) If there are stable lines due to specific chemical species
(for example, iron, helium, etc.), they can be identified from the calibration of
the spectral resolution (A/pixel), we call these spectral lines as “calibration
lines”.

Obtaining the spectral image and the calcite interference image at same
spectral resolution.

Getting the spectral resolution and the wavelength separation between two
adjacent peaks or troughs, p.

Eq. 2.23 gives the birefringent index, u, at this wavelength range.

Error analysis.

The solar spectrum has been investigated from 1.00um to 1.65um and 10

wavelength ranges are chosen. Exact wavelengths of the calibration lines are figured out

using data of Solar Atlas[37]. Figs. 2.25a-j present the spectral images, calcite

interference images and the profiles of the images in 10 different wavelength ranges.
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The temperature is set to 21.0 °C. The thickness of the sample calcite is 10498.0 +
3.0um. In the following section, we describe the calculations of birefringent indices of
calcite in these ten spectral ranges.

CASE 1 (Fig. 2.9a):

Central wavelength: 10050.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 10050.0 + 30.0A

Calibration lines: A(L;) =10036.664A, A(L,) =10065.065A

Spectral resolution: r = 0.32274A/pixel

Wavelength separation: p = 17.09 pixel, i.e., p = 5.5156A

2
u z—iz—o.174435: 1.0x107 (2.36)
pd

CASE 2 (Fig. 2.9b):

Central wavelength: 10140.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 10140.0 + 30.0A

Calibration lines: A(L;) =10123.890A, A(L,) =10145.584A
Spectral resolution: r = 0.33856A/pixel

Wavelength separation: p = 17.40pixel, i.e., p = 5.5438A

2

u z—j—z—o.l7667l +1.0x107 (2.37)
pd
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CASE 3 (Fig. 2.9¢):

Central wavelength: 10830.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 10830.0 + 30.0A

Calibration lines: A(L;) =10811.110A, A(L,) =10843.876A
Spectral resolution: r = 0.31967A/pixel

Wavelength separation: p = 19.943 pixel, i.e., p = 6.3751A

2
U= A 0.175251 + 8.7x10™ (2.38)
pd

CASE 4 (Fig. 2.25d):

Central wavelength: 11970.0A

Temperature: 21.0 + 0.1 °C

Wavelength range: A =11970.0 + 30.0A

Calibration lines: A(L;) =11949.739A, A(L,) =11991.560A
Spectral resolution: r = 0.31563A/pixel

Wavelength separation: p = 24.725 pixel, i.e., p = 7.8040A

2
A 0.174891 + 7.2x10™ (2.39)
pd

CASE 5 (Fig. 2.25¢):

Central wavelength: 12400.0A
Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 12400.0 + 30.0A

Calibration lines: A(L;) =12390.154A, A(L,) =12422.995A
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Spectral resolution: r = 0.31337A/pixel

Wavelength separation: p = 26.615 pixel, i.e., p = 8.3245A

2
U= A 0.175947+ 6.8x10™ (2.40)
pd

CASE 6 (Fig. 2.250):

Central wavelength: 12900.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 12900.0 + 30.0A

Calibration lines: A(L;) =12879.759A, A(1,) =12899.831A
Spectral resolution: r = 0.30548A/pixel

Wavelength separation: p = 28.850 pixel, i.e., p = 8.8131A

2
U z—L=—0.179864i6.6X104 (2.41)
pd

CASE 7 (Fig. 2.25g):

Central wavelength: 15110.0A

Temperature: 21.0 + 0.1 °C

Wavelength range: A =15110.0 + 30.0A

Calibration lines: A(L;) =15094.685A, A(L,) =15122.374A
Spectral resolution: r = 0.30522A/pixel

Wavelength separation: p = 40.113 pixel, i.e., p = 12.2429A

2
U= —)“—dz ~0.177638 £ 4.9x10* (2.42)
p
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CASE 8 (Fig. 2.25h):

Central wavelength: 15650.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 15650.0 + 30.0A

Calibration lines: A(L)) =15621.656A, A(L,) =15662.012A
Spectral resolution: r = 0.30457A/pixel

Wavelength separation: p = 43.188 pixel, i.e., p = 13.1538A

2
U= A 0.177367 + 4.6x10™ (2.43)
pd

CASE 9 (Fig. 2.251):

Central wavelength: 15960.0A

Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 15960.0 + 30.0A

Calibration lines: A(L;) =15941.836A, A(L,) =15980.735A
Spectral resolution: r = 0.30402A/pixel

Wavelength separation: p = 45.188 pixel, i.e., p = 13.7038A

2
M= L 0.177062 * 4.4x10™ (2.44)
pd

CASE 10 (Fig. 2.25)):

Central wavelength: 16500.0A
Temperature: 21.0 £ 0.1 °C

Wavelength range: A = 16500.0 + 30.0A

Calibration lines: A(L;) =16486.667A, A(L,) =16517.232A
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Spectral resolution: r = 0.30203A/pixel

Wavelength separation: p = 48.692 pixel, i.e., p = 14.6923A

2
uz—i—z—o.176511 +4.1x10™ (2.45)
pd

The measurement errors presented in Eq. 2.36 to Eq. 2.45 are provided by the
measurement errors of p and d. The measurement precision of p, Ap, could be down to
0.1 pixel by amplifying the profile when analyzing the data, so Ap = r X 0.lpixel in
angstrom. Where, r is the spectral resolution (A/pixel). Eq. 2.24 can yield the error, AL,
in Eq. 2.36 to Eq. 2.45. Systematic errors due to instruments (e.g., the axis errors of
polarizers, calcite) can be neglected because the wavelength positions of peaks or valleys
in the profile curves of the calcite interference images are not changed with the axis
errors (detailed discussion in Appendix B). In summary, Table 2.3 presents the measured
values of birefringent index of calcite from 1.00pm to 1.65um at room temperature. The

measured values of the birefringent index and measured errors are shown in Table 2.3.

Table 2.3 Measured Values of Birefringent index from 1.00um to 1.65um at 21.0°C

Central Wavelength (A) Measured Value of u  Measured Error (107)
10050 -0.17444 +10.0
10140 -0.17667 +10.0
10830 -0.175625 +8.7
11970 -0.17489 +7.2
12400 -0.17595 +6.8
12900 -0.17986 +6.6
15110 -0.17764 +4.9
15650 -0.17737 +4.6
15960 -0.17706 4.4
16500 -0.17651 +4.1

The chosen wavelengths are not uniformly separated because some wavelength

ranges cannot be used due to the very strong absorption lines in these ranges,
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good results were obtained. The optical design and test results of this filter will be

discussed in the next section.

2.3 Optical Design of the Near-Infrared Birefringent Filter

2.3.1 Scheme and General Considerations of the Optical Design of the Near-IR
Birefringent Filter

In section 2.1.3, a discussion of the magnetograph that includes a prefilter, a magnetic
analyzer, a near-IR birefringent filter, an IR Fabry-Perot and an IR camera was presented.
Except for the birefringent filter, the other parts of the magnetograph are commercially
available. Birefringent filters cannot be obtained commercially because of their special
requirements. Therefore, the design and fabrication of the birefringent filter are the most
important in the near-IR magnetograph system.

Specifications of such a birefringent filter are as follows:

Aperture: ¢ 35.0mm

FWHM: <2.5A

Working Temperature: 43 £0.05°C

FSR: > 40.0A
Wavelength Tuning Range: ~15648.5A £ 10.0A

A scheme of the optical design of this near-IR birefringent filter is presented in Fig.
2.27. Four calcite elements are placed between five parallel polarizers. The wavelength
tuning units are liquid crystal variable retarders controlled electronically. A few
important aspects have been considered during the design of a birefringent filter. These

are as follows:






52

previous element, i.e., -1564 for the 2™ element, -782 for the 3 element and -391 for the

4™ element. In reverse, we can recalculate the thickness of the 1°* element,

_mA _ (-3128)x15648.5

d =
: U (-0.1770494)

~27.64Tmm . (2.49)

For the thinner elements, their thickness is half the thickness of the previous

element, but their FWHM is twice of the FWHM of the previous element. Therefore we

have
1°* element d, = 27.647Tmm Alpyrng = 2.5A,
2" element dy = 13.823mm AArwan = 5.0A,
3" element d; = 6.912mm Ay = 10.0A,
4™ element ds = 3.456mm Ay = 20.0A.

The Free Spectral Range (FSR) of a birefringent filter is actually two times the
FWHM of the thinnest element. In our filter, the FSR could be up to 40.0A (as required
in the specifications) if the 4" element is the thinnest one. So we choose four elements in

this near-IR birefringent filter.

2. Wide-field configuration

Generally, a birefringent filter is used in a collimated light. Nevertheless, a collimating
light is not always a perfect parallel beam. If the incident light beam is not normal to the
surface of the birefringent crystal plates, there will be an error in the retardation of the

crystal.
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e Instead of silicon oil inside an insulation tube to hold the optical components,

some kind of grease can be used between the faces of the components to

reduce scattering light. The oil leak problem in the traditional design of
birefringrnt filters could be solved.

From Fig. 2.27, this near-IR birefringent filter includes five IR polarizers, four half

waveplates, four liquid crystal viable retarders and four pair of calcite plates. The design

parameters are shown in Table 2.4.

Table 2.4 Design Parameters of the Birefringent Filter

Element# FWHM  Material Thickness Retardations  Field of Shape/Size
(A) (mm) View
1 25 Calcite 13.831x2 3128 Wide Octagon/37.00x37.00mm
2 5.0 Calcite 6.916x2 1564 Wide Octagon/37.00x37.00mm
3 10.0 Calcite 3.458x2 782 Wide QOctagon/37.00x37.00mm
4 20.0 Calcite 1.729x2 391 Wide Octagon/37.00x37.00mm
Waveplate -- Quartz 2.00~3.00mm Y - Octagon/37.00x37.00mm
Polarizer -- HR 2.00~3.00mm - -- --

The transmission, 7, of this filter is given by:

T = cos’ (n& +A,)cos’ (n&+ A,)cos’(n E-d—3—+ A,)cos’ (n pa, +4,), (2.50)
A A A A

where, A, i=1, 2, 3, 4, are the phase differences given by the liquid crystal variable
retarders to shift the wavelength of the pass-band within a period in every element.
Figure 2.29 shows the numerical modeling of the transmittance of every element and the
filter. These figures can be compared with the test results under a spectrograph.

This birefringent filter is designed to be tunable so that the pass band can cover the
two magnetically sensitive lines at Fel 15648.5 A (g = 3) and Fel15652.8 A (g = 1.53).

Figure 2.30 shows shift of the pass-band of this birefringent filter. The advantages of a

wavelength tunable filter include:
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20mm). Therefore, there is an option, which enables us to upgrade the polarizers in the
future when the larger ones are available, in the mechanical design of the near-IR
birefringent filter.

The polarizer film obtained from Polaroid Company is usually sandwiched between
two celluloid layers for protection. These celluloid layers need to be removed them from
the two sides of the film by use of acetone solution or other chemical reagents because
they produce a strong, nasty scattering of light [38]. After removing the layers, we should
glue the films with two protecting optical glass plates to reduce the reflection from the

surfaces.

2.3.3 Half (1/2) Waveplate

The half waveplates are used for the wide-field configuration elements. Using equation
ud,,,/ A=1/2, we obtain the thickness of a zero-order half waveplate for quartz as the
material of choice:

A 15648.5%107 mm
2u,  2x0.00879

d,, = ~0.089mm . 2.51)

Figure 2.31 Design of half waveplate.
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From mechanical considerations, the numerical value of d,/, in Eq. 2.51 is very small. We
can design the waveplate consisting of two crossed quartz plates with a thickness

difference between them of 0.089mm, i.e. Ad =d,-d, =d,,,. The optical axis of the

waveplate will be along that of the thicker plate (Fig. 2.31). These half waveplates were

manufactured in Nanjing Astronomical Instrument Factory, Nanjing, P. R. China.

2.3.4 Estimation of the Transmittance of the Near-IR Birefringent Filter
For the birefringent filter, we know that the transmission of the HR polarizer is 34.5%
and its absorptance is 10.7%. Assuming no absorption in the waveplates and calcites, the

transmission of the birefringent filter is about:

T, =34.5%-(89.3%)" =~ 21.94%. (2.52)

2.3.5 Testing the Four Pairs of Calcite with a Spectrograph

The key components in the near-IR birefringent filter, considered in this work, are the
four pairs of calcite plates. These calcite plates were manufactured in Nanjing
Astronomical Instrument Factory, Nanjing, P.R. China. Calcite is a natural single
birefringent crystal. It is most often used as a material of physical optical component
because of its larger birefringent index and pure optical performance. After complete
polishing, four pairs of calcite crystals were tested for use in the IR birefringent filter
using the spectrograph at BBSO. The setup of the test instruments is the same as in Fig.
2.21. The working temperature is set to 43°C with an accuracy 0.1°C. Polarizer P, is
parallel to P, and a half waveplate is sandwiched between a pair of calcite crystals just as

in the wide field configuration.
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Table 2.5 Measurement Results for Every Pair of Calcite Used in the
Near-IR Birefringent Filter

Transmittance Separation between FWHM
Image Two Peaks (A) (A)

a) 4813 2.407

b) 9.630 4.815

c) 19.13 9.565

d) 38.52 19.26
Simulated passband -- 2.254

of the filter

The test results presented in Table 2.5 show that the pass-bands of the four pairs of
calcite are matched very well with each other for reducing the non-zero side-bands. On
the other hand, the half waveplates at 15648.5A, used between each pair of calcite plates,
have been shown to be of good quality. This near-IR birefringent filter is being

assembled by Cambridge Research & Instrument, Inc., Boston.

2.4 Characteristics of the Near-Infrared Fabry-Perot Filter

2.4.1 Basics of the Fabry-Perot Filter

Fabry-Perot filters are widely used in modern optics as resonators for allowing specific
wavelengths of light to transmit. In its simplest configuration, the Fabry-Perot etalon
consists of two plane, parallel, highl); reflecting surfaces separated by some distance d. A
simple scheme of optical construction of a Fabry-Perot is shown in Fig. 2.33. The
reflecting surfaces are formed by a very thin silver or aluminum film, or multi-layer

dielectric films on the surface of glass plates. The enclosed air gap generally varies from

several millimeters to several centimeters when the device is used interferometrically.
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If Eq. 2.55 is satisfied by a particular combination of an integer m and wavelength
Ao, the interference between the transmitted rays will be constructive, and there will be a
maximum in transmission. For other combinations, for example m + 1 and Ay — f,
Eq. 2.55 will also be satisfied and there will be another maximum of transmission. The
separation, ¢, between maxima in transmission can be deduced from:
mAy =2n"d cosb,
(m+1)(Ay =f) = 2n'd cos0,

therefore,

f=lo (2.56)

This is an important concept, referred as "free spectral range" (FSR), frequently used to
indicate how nearly identical two wavelengths must be to produce adjacent, same-order
fringes.

Another important concept is the Full Width of Half Maximum (FWHM) of the
transmission pass-band of the Fabry-Perot. Let AAmys be the FWHM and the values of
transmittance at Ay + Adgy, are half of that at A,. Because

2n'd cosf _

, and
PR
5= 2n'd cos@ zzn'ancose(lelmW
7o + Do Wl 2
2

= 2mn[1 T %-ZMJ (2.57)
0



we can get:

sin’ % = sinz(mn F Ml”’i’—}

22,

e
27,

2
~ {’_”%_] , (M << Ag).

24,
Half maximum of the pass-band means:

v 1
70"

1
1+ Asinz(%) 2

= 1+Asin"’(§)=2
2

2

24,
- mAAA s _ 1
22, JA
A 2
= AA, =_0._
o A
2f
= AA =
N
In Eq. 2.60, 4=—2%

(1- R)? m
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(2.58)

(2.59)

(2.60)

and f = b is the free spectral range. Combination of

Eq. 2.56 and Eq. 2.60 will give another important concept, finesse F, the ratio of fee

spectral range and the FWHM:
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It is designed for use in the near-IR wavelength range between 1000nm to 1600nm in
imaging mode. It will be used in combination with the near-IR birefringent filter
discussed in section 2.3 to measure solar magnetic fields at 15648.5A and 15652.9A.
This Fabry-Perot is tunable for its passband by changing the spacing with an interface of
RS232C in the CS100 controller. In this section, the characteristics of this Fabry-Perot
are discussed. Aspects for testing this Fabry-Perot are also considered before it is used as

a part of the entire filter system.

2.4.2.1 Specifications of the Near-IR Fabry-Perot Filter. The specifications for the

near-IR Fabry-Perot ET70FS-1041 are presented in Table 2.6[39].

Table 2.6 Specifications of the Fabry-Perot ET70FS-1041

Parameter Specification
Clear Aperture 70mm
Surface Quality /100 at 633nm
Wedge Angle 0 t 1fringe
Mirror Spacing 2226um (nominal)
Cavity Tuning Range >4 1um
Operational Temperature Rang 0°Cto50°C
Nominal Finesse 60 at 1523nm
Coating Reflectivity 96% * 2% from 1000 to 1600nm

The surface quality specification in Table 2.6 refers to the peak-to-valley departure
from flatness of the matched pair of Fabry-Perot etalon mirrors measured at 633nm
before the mirrors are coated.

The wedge angle specification refers to the wedge angle between the rear mirror
surfaces and the front surfaces of the Fabry-Perot. Nominally, the rear surfaces of the

etalon mirrors are wedged by 15 minutes of arc. But, for imaging purposes, the front and
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Referring to Fig. 2.40, sef the MODE control to BALANCE, the METER
DISPLAY switch to OFFSET and the RESPONSE TIME to 0.5ms on the black
scale. Turn on the power. The yellow BALANCE indicator will illuminate. The red
POWER indicator, mounted in the POWER switch, will also illuminate within
about 1 second.

Turn the X COARSE switch to bring the X meter as close to zero as possible.
Turning the switch clockwise will move the meter needle from left to right. Take
the meter to 0 using the X FINE 10-turn control.

Repeat using the Y and Z controls, observing the Y and Z meters respectively.

Set the METER DISPLAY switch to QUADRATURE ERROR.

Null the X, Y and Z meters using the X, Y and Z QUADRATURE BALANCE 10-
turn controls respectively.

Set the METER DISPLAY switch back to OFFSET and re-zero them if necessary
using the respective COARSE and FINE controls.

Tumn the MODE switch from BALANCE to OPERATE. The yellow BALANCE
indicator should go out and the green OPERATE indicator should come on after a
delay of about 2 seconds.

Tumn the METER DISPLAY switch to QUADRATURE ERROR and null any
offset using the relevant QUADRATURE BALANCE controls.

Turn the METER DISPLAY switch back to OFFSET, the meters should all read
within about 1V of zero.

The CS100 controller is now controlling the etalon in its as-supplied state. The next

procedure is to align the plate parallel. Figure 2.44 shows the set up of the instruments for
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Set the METER DISPLAY switch to QUADRATURE ERROR.

Turn the Z FINE control backwards and forwards. The fringe should be moved
backwards and forwards in a direction perpendicular to its length.

Tum the Y COARSE and FINE controls until the movement observed above is
predominantly along the Y-axis. While doing this, keep the meters within a couple
of volts of zero using the relevant QUADRATURE BALANCE controls. If any
meter exceeds about 5 V, the OUT OF RANGE indicator may illuminate and the
system reverts to BALANCE mode. If this happens, turn the last turned control
back a few positions and set back to OPERATE mode by turning the MODE switch
to BALANCE and then back to OPERATE.

Turn the Y COARSE and FINE controls to expand the fringe until it fills as much
of the aperture as possible. Again keep the meters within a couple of volts of zero.
Keep adjusting the X and Y FINE controls until turning the Z FINE control causes
the field to lighten and darken uniformly.

Null the meters exactly using the QUADRATURE BALANCE controls and verify
that the plates are still aligned.

Turn the METER DISPLAY back to OFFSET. Now, the meters will not read zero
but will give an indication of how much correction is being applied in the three axes
to achieve parallelism at the spacing required to transmit the fringe used for
alignment. Usually the X and Y meters will read 0 plus or minus 5V and the Z
meter 0 plus or minus 2V.

Record the PARALLELISM and SPACING control settings and QUADRATURE

BALANCE settings for future reference.
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The etalon plates are now aligned parallel and will remain so while the CS100 is
switched on.

After aligning the Fabry-Perot filter, the characteristics, such as transmittance, free
spectral range, FVWHM, surface flatness, surface roughness, can be measured with a near-
IR laser. The testing instruments could be setup as in Fig. 2.45[21-22]. The laser beam is
expanded by the pinhole and microscope objective combination and the size of the beam
is controlled by the adjustable stop. The beam is collimated through the Fabry-Perots and
re-imaged onto a near-IR InGaAs camera having a resolution of 320 by 240 pixels. The
Fabry-Perot can be moved into and out of the collimated beam as required. The method
for data acquisition consists of stepping the Fabry-Perot across the profile of a collimated
laser while taking a series of images of the Fabry-Perot at each Zstep. After parallelism

adjustment, two types of images can be obtained:

A.  Full-aperture images --- Taking a series of images (a few of ten to hundred) at each
Z-step for the full aperture of the Fabry-Perot along with dark images and images of
the laser only.

B. Expanded images --- Taking a series of images (a few of ten to hundred) at each Z-
step along with dark images and images of the laser only after the image of the
Fabry-Perot is optically expanded by a factor of 2.4 to provide enough spatial
resolution to investigate the surface roughness of the Fabry-Perot.

With averaging the series of images of A-type image as a point respect to the Z-step, an

intensity profile can be obtained with the horizontal axis as Z-spacing. The spacing step,

s, between two peaks of the intensity can be obtained from this profile. Eq. 2.55 gives:

m= 2n'd cos@ and m+1= 2n'(d + s)cos0
Ao A

?



79

therefore,

=2, (2.63)
m

where, d is the nominal spacing, 2226um, n”= 1 for air, 8 = 0. On the other hand, the free

spectral range, f; is the spectral separation between two peaks of the transmission:
A
f==2 (2.64)
m

The resolution of steps (A per step) is obtained by f/s. Hence, the profile can be
converted to the profile with respect to wavelength (A). The Full Width of Half
Maximum (FWHM) and the free spectral range, f, could be obtained from the wavelength
calibrated profile. If the averaging intensity of the laser beam without the Fabry-Perot in
the collimated beam is calculated, the transmittance of this Fabry-Perot could be obtained
using the value of the profile peak divided by the corresponding laser intensity. With the
B-type data, the surface flatness and surface can be estimated by peak-to-valley value for
the peak images.

The actual calibration of the Fabry-Perot pass-band should be done on the telescope
with the birefringent filter. The values of parameters obtained will be used in future

observations.






CHAPTER 3

STUDY OF UMBRAL DOTS AT 1.56 pm

3.1 Introduction

The study of structure and evolution of umbrae plays an important role in the
understanding the energy transport in sunspots. A simple sunspot usually includes a
single umbra and a simple penumbra around the umbra. But, in many sunspots, there are
complicated fine structures existing in sunspot umbrae, such as light bridges, umbral
dots, light rings, dark nucleus, etc. In a complicated sunspot, multiple umbrae are usually
separated by strong light bridges (SLB) and these separated umbrae seem to behave like
independent units. These separated dark regions were proposed to be called ‘4mbral
cores” (UCs)[40]. The UCs are to be identified with spot fragments and are basic umbral
structures which survive the whole lifetime of the sunspot [41]. From a
phenomenological point of view, UCs consist of two components:

(1) On the one side, a dark area formed by a diffuse background (DB) with spatially

varying intensity and showing well-distinguished local intensity minima that is called

dark nuclei (DNs).
(2) The bright features (BFs) within the UCs include umbral dots (UDs), faint light
bridges (FLB), and sometimes, light rings.
Figure 3.1 shows an ideal drawing chart of a complicated sunspot. Regarding light
bridges, they can be divided into two groups{41]:
(1) Strong light bridges SLBs), which separate UCs. — They represent an abrupt
change in typical umbral conditions and are closely connected with the sunspot

decay.
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“peripheral” umbral dots (PUDs) and “central” umbral dots (CUDs), were often used. But

there was no proper definition to distinguish them from each other. There is some

confusion as to the definitions:

Definition A. — CUDs are located well inside the umbra and PUDs in the outer parts,
where the intensity gradient in the diffuse background is stronger[42].
Moreover, these two classes can be distinguished on the basis of their
proper motions, with PUDs moving from the penumbra toward the
numbra[43].

Definition B. — CUDs are only those located inside DNs, and those separating DNs are
considered as PUDs[40].

These two definitions agree that CUDs are located in the “dark parts of umbrae”,
but the concept of “dark parts of umbrae” was not defined properly. In general, the CUDs
inside DNs are not found in many umbrae. Therefore, it is not needed to distinguish
between the central and peripheral umbral dots[41].

From an observational point of view, the most important quantities of umbral dots
with respect to the background are intensity contrast, size distribution, magnetic field and
flow velocity[44]. The dot intensities are shown in a broad range[42,45], and contribute
up to 40% to the umbral intensity at visible wavelengths[46]. Therefore, the intensity of
umbral dots represents a source of the observed umbral brightness. The dot intensity is
related to the umbral background showing a mean excess of 2.6 above the inter-dot
brightness[45]. The size distribution is observed to range between 0.4 ~ 0.7 arcsec[42].
Whereas, in another reference[41], the size of umbral dots is near 0.3 arcsec and is

independent on the umbral brightness. The magnetic field strength in dots is about 20%
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reduced with respect to the inter-dot field[47]. As for the flow velocity in umbral dots,

the observations range from a few km/s to a maximum of 25 m/s[48-49].

In order to explain the physical meaning of umbral dots, a few theoretical models
were proposed:

(1) The cluster model -- Umbral dots are believed to be the manifestation for hot
columns of gas, rising up between the magnetic ropes. The magnetic field strength in
UDs should be greatly reduced at the visible surface and accompanied by substantial
up-flows (~10kmy/s) if the theory of this model is correct[50-51].

(2) The magnetoconvective model -- the sunspot consists of a single monolithic magnetic
column. This model theory showed that vertical energy transport is occurring inside
the rigid magnetic field structure with a nonlinear treatment of magnetoconvection. In
the picture of this model, the UDs are the visible consequence of coherent motions in
convective cells with diameters of 250~300km reaching down to a depth of
~1500km. The magnetic field strength would have large fluctuations due to the
highly nonlinear oscillations[52].

(3) Model of Degenhardt & Lites[53] -- a field configuration in umbral dots that
resembles magnetic ‘bottles’. The behavior of a thin vertical gas column embedded in
a sunspot umbra was investigated using the thin flux tube approximation[54]. This
model predicts only small velocity and magnetic field differences in photospheric
layers and an inverse field gradient in UDs.

However, these theoretical model characteristics are not completely in accordance

with existing observations. On the other hand, the observations of UDs are strongly
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influenced by the spatial resolution of the telescope and seeing conditions. Therefore, it is
difficult to rule out or confirm any of the models.

All of the fine structures of umbrae discussed above are probably one of the
manifestations of the interplay between convection and magnetism. These manifestations
are reflected outside spots in the perturbation of the granulation by plage magnetic fields
and, at a large scale, giving place to the dynamo process in deeper layers of convective
zone. Because the near-infrared, 1.56m continuum is formed about 30 km below the
base of the quiet photosphere and the solar atmosphere has an opacity minimum near
1.6um[3], the observations at these spectral region have many advantages on the studies
of the fine structures of sunspot umbrae:

e Opacity minimum in solar atmosphere,

e Scattered light is much lower in IR,

e Intrinsic contrast between photosphere and umbra is lower (Planck’s radiation

law),

e Seeing is much better than in visible light.

In this chapter, the first comprehensive studies of umbral dots at 1.56jm are
presented. These observations are the first of umbral dots ever reported at these IR
wavelength range. The observation data include two sequences of sunspots, one of which
is a complicated sunspot possessing about to 150 umbral dots. The other sunspot is a
single, stable spot possessing about to 55 umbral dots and a stable light ring. The data
were obtained using the 26-inch telescope of BBSO, with a 50A wide interference filter
at 1.56um as the central wavelength. The objective is to study the properties of umbral

dots in the opacity minimum and lower contrast with diffraction limited images (~ 0.6”).
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Because of the lower scatter light in this near-infrared range, the very center of the umbra
can be seen clearly. The contrasts, size distribution, and proper motions of umbral dots in
these near-infrared data are discussed. Two short movies showing the motions and
evolutions of the umbral dots quite clearly will be presented in discussion phase of this

dissertation.

3.2 Observations

3.2.1 Instrumentation

The data were acquired on March 12, 1999 and March 17, 1999 respectively, using the
26-inch telescope, BBSO. The instrumental setup has been described by Thomas J.
Spirock[55]. This is a newly developed near-infrared system. This system includes an
InGaAs camera manufactured by Sensor Unlimited, Ltd, and an interference filter at
15648.5 + 25A. This InGaAs camera is 12-bit, 320 by 240 pixels, with image acquisition
speed of 30 frames/second. The quantum efficiency of the IR CCD camera is greater than
70% from 1.0 pm to 1.7 um and the exposure time is 127 us. This instrument system is
actually a sub-system of the near-infrared filter system described in chapter 2. Before the
entire filter system is accomplished, the observations with this sub-system are much
helpful not only for the studies of sunspot fine structures, but also for testing the near-
infrared camera in order to be deployed in the near-infrared filter system. This sub-
system is mounted on the 65cm telescope and the spatial solution is about 0.60" at 1.565

pm. The image scale is 0.25"/pix.
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3.2.2 Observations
The active regions NOAA 8485 and NOAA 8489 were observed with the 65cm vacuum
telescope on March 12 and March 17, 1999, respectively. Two sequences of images of
the active region NOAA 8485 and NOAA 8489 were obtained. The images of the
sequence of NOAA 8485 are shown in Fig. 3.2 and NOAA 8489 shown in Fig. 3.3.
NOAA 8485 is a very complicated sunspot including many strong light bridges
(SLBs), faint light bridges (FLBs) and lots of umbral dots (UDs). From a morphological
point of view, it is very difficult to distinguish FLBs from chains of umbral dots or SLBs.
The observation of NOAA 8485 consists of a time series of 15 images with 3-minute
cadence. NOAA 8489 is a stable sunspot including a “ring” inside the umbral core and
about 40 to 50 umbral dots. The observation of NOAA 8489 consists of a time series of
30 images with 2-minute cadence. The seecing on March 12 and March 17, 1999, was

moderate to good.
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3.3 Data Analysis
3.3.1 UD Contrast Distributions
Two best images were chosen from the image series region NOAA 8485 and NOAA
8489 respectively. They were used to calculate the contrast of umbral dots.

Figures 4a & 4b are selected images of active region NOAA 8485 which are
enlarged. A few dark nuclear areas are chosen as the background of the umbra and the
mean value of this background is about 1369.34 for Fig. 3.4a and 1350.34 for Fig. 3.4b.
The photosphere mean value is about 1776.34 for Fig. 3.4a and 1755.03 for Fig.3.4b.

Therefore, the intensity ratios between umbra and photosphere are given by:

Lpwa _ 1369.34

=(.771 for Fig. 3 .4a, 3.1
Iphotoxphgg 177634
I _ .
umbra__ _ 1350.34 = (.769 for Flg 3.4b. (3'2)
Iphomsphee 1 776.34

TABLE 3.1 Description of Active Region NOAA 8485

Image NO. Of Mbral dOtS Iumbra Iphotasphez Iumbru /Iphotusphez
Fig.4a 143 1369.34 1776.72 0.771
Fig.4b 150 1350.34 1755.03 0.769

Table 3.1 shows the description of NOAA8485. 143 umbral dots in Fig. 3.4a and
150 umbral dots in Fig. 3.4b were studied. The intensity contrast of umbral dots is given
by the maximum intensity value within the umbral dot over its near background. The
distributions of umbral dot contrast of NOAA 8485 are shown in Fig. 3.5. From Fig. 3.5,
the range of umbral dot contrast is 2% to 20%, and the contrast in most of the umbral

dots is in the 10 to 15% range.





















103

Therefore, larger telescope will be needed to investigate the more fine structures in

umbrae of sunspots.

3.3.3 Motion and Lifetime of Umbral Dots

For the motions of the bright grains in penumbra, many authors found that the bright
grains, in the sunspot penumbra, move inward toward the umbra[56-61]. From the
movies of our near-infrared data, it is obvious that the bright penumbral grains flow into
the umbra. These observations support the conclusion above. Under the hypothesis of
penumbral convection produced in a comb-like magnetic field structure, the individual
flux tubes gain thermal energy and move inward and upward, so that their intersection -
with the surface migrate radial inward, giving rise to the proper motions of bright
penumbral grains[62]. Another explanation for moving umbral bright features is
associated with the magnetic fields whose inclination to the vertical is greater than that in
the surrounding umbra[63].

In NOAAB489, there is a stable bright “ring” -- a circular light bridge. A chain of
umbral dots is a connection between the penumbra and the circular light bridge. The
umbral dots coming from the penumbra enter the circular light bridge to become a part of
it. On the other side of the circular light bridge, some umbral dots leave from the circular
light bridge. Therefore, it can be concluded that (1) umbral dots may become a part of

strong light bridge, (2) a strong light bridge may eject umbral dots into umbra.

As for the lifetime of the umbral dots, they all survive for the entire observing
duration time, i. €., about an hour. Therefore, from these observations, the lifetime of

umbral dots should be much longer than 1 hour.



CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

In this dissertation, a near-infrared birefringent filter system (actually a magnetograph),
used for observations of solar monochromatic images and measurements of the solar
magnetic fields at Fel 15648.5A and Fel15652.9A at BBSO, has been described in detail
(Chapter 2). This system includes a few optical parts -- a prefilter, a magnetic analyzer, a
near-infrared birefringent filter, near-infrared Fabry-Perot filter and an IR camera. The
optical design and fabrication of the near-infrared birefringent filter is the most important
task in this system. For its optical design, the birefringent index of calcite near 1565nm
has been measured (section 2.2.1). The values of the birefringent index, , of calcite have
been obtained:

(A =15648.5 A, T=21°C) = n\/d (21°C) = -0.1772989,

1L (A=15648.5 A, T = 43°C) = n\/d (43°C) = -0.1770494.
The temperature coefficients of | are also measured (section 2.2.1.3). Its average value
is:

~ -5.37x 10°/°C,
In addition, the birefringent indices of calcite within a wide spectral range (from

1000nm to 1650nm) are also measured (section 2.2.2). These measured results are
important in physical optics and optical components for communications because the

working window of fiber communications is between 1300nm to 1600nm. These

measured results are very different from that in the literature[33-34] and have been

shown to be reliable.
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The polished calcite plates and near-infrared half waveplates have been tested on
the spectrograph at BBSO. The analysis of the results shows that the components have
good qualities for construction of the near-IR birefringent filter as a key part of the entire
system.

The basics of the Fabry-Perot filter used in this near-IR filter system have been
described (section 2.41). The surface qualities of the etalon mirrors are very important
because the near-infrared Fabry-Perot filter is used in this magnetograph in the imaging
mode. Considerations for the surface quality testing of this near-IR Fabry-Perot filter
have been discussed (section 2.4.2).

Two sequences of sunspot fine structure have been observed at 1.56um. The data
analyses show the following conclusions:

1. Contrast range of umbral dots is 3% to 20% with peaks at 9% to 15%.

2. Size range of dots is about 0.4 to 0.8 arsec with a peak around 0.5 arcsec
probably due to diffraction limit.

3. Lifetime of most umbral dots is longer than 1 hour, the duration of
observations.

4. No proper motion was observed for umbral dots, except near the penumbra
where dots move towards umbra.

5. Umbfal dots may become a part of strong light-bridge and a strong light

bridge may eject umbral dots into umbra.
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After passing d:
fa= %cos(w+ ) (A.2)
s, = —%cos(w). (A3)

Passing the quarter waveplate (with a 7t/2 phase difference):

L cos(ar + & +§)J

& %[«/5

_-1_ _L (m+_7.r_)
‘\/5 ﬁCOS >

= —%[s’in(w +8) +sin ] (A4)
s =—1-f +-—1—s =l[cos(a)+6)—cosw]. (A.5)
174 ﬁ d ‘\/'5 d 2

The amplitude of the light passing through the second polarizer, P, will be:

P, =f,,sino~s,,, cosx

= —%[sin(a) +0)+sin co‘]cosa—%[cos(w +08)—cosar]sin &
= %{[—sin( @ + 8)cos x— cos(a + &) sin o] —[sin a¥ cos ¢ — cos ¢ sin a]}

=%{-sin(ar+6+a)—sin(w—a)]}

1

1 o S coscS ol
ztzszWJJ

=-cos(_‘2?+a)sin(w+izs) (A6)
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After passing through the rotated half waveplate, the amplitudes will be:

fin = —%[sin(wt+6 +7) +sin @t + ) cos B —%[cos(ax+6 +7) —cos(at + r)]sin B

=%[sin(ax+6+[3)+sm(wt—[3)], e
Si72 = fyasin B+, cos B

=—%[sin(wt +6)+ sin a¥]sin 8 +%[cos(wt+5)— cosaxt]cos 8

=%[cos(wt+ 6 + B) —cos(ax - B)]. (A9)

Passing the second polarizer P, the amplitudes will be:
Py = fipc08 B+s,sin

=%[sin(a1+6+ ﬁ)+sin(w—ﬁ)]cos,3+12[cos((a+5+B)—cos(a)—ﬂ)]sin B

= %[sin(ar +6+2P) +sin( a3 -2 P)]
o . o
=cos(3+2ﬁ)sm(a1+3+ 2P). (A.10)
The transmittance exiting from the second polarizer P, is

T =cosz(%+2/3) =cos’ (mud /A +2 B) = cos*(om +23). (A.11)

This is Eq. 2.14.
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Its direction is along P; in Fig. B.2. Inside the birefringent crystal d, the beam could be
split into two beams, one is faster (f3) and the other is slower (sg). The phase difference is

0=2mud/A. After passing d:
S, =cos(45° — Aoycos(ar + O) (B.2)
s, =—cos(45° + Ax)cos(ar) . B.3)
The amplitude of the light passing through the second polarizer, P,, will be:
P, = f,sin( 45° + Acx— AB) — s, cos(45° + Aoc— AP)
=cos(45° — Aa+ APB)cos(45° — Ad)cos(ar + S)

+ cos(45° + Aoc— APB) cos(45° + Ao cos ax

= % [cos(90" 20+ AB)+ cos(AB)]cos(a! +0)

+ -;—[cos(90" +2A-AB)+ cos(Aﬁ)]cos a

= é—{cos(AB)[cos(a) +8)+ cos @] +sin( 2A - APB)[cos(ar + 5) — cos arl}

= cos(AS) cos(g) cos(ar + g) - sin( 2Aoc— A B) sin( -g) sin( a + g)

= \/cosz AP cosz(-(zz) +sin’ (2Ac— AB) sinz(-g) cos(a + g +®). (B4)

cos(AP) sin( —f—)

where cos® =

2 L a2 6 I I A 2 6
\Icos (AB)sin (—2—)+sm (2Aao=2A)cos (?)



112

sin{ 2A - AP) cos(—zb:)

sin ® =

\/ cosz(AB)sinz(-;zH sin>(2Acc— AB) cosz(-‘;)
The transmittance existing from the second polarizer P; is:
2 2 6 =2 .2 6
T, = cos” (AB)cos (-2—)+ sin “(2Aa— AB) sin (5). (B.5)

This is a general formula of the transmittance for one element with arbitrary
directions of birefringent crystal and the second polarizer. There are a few cases

discussed below.

(1) IfAa=0,AB=0,Eq. B.S gives,
T = cos’ (g) . This is just the normal formula of transmittance of an element.
2) IfAa=0,AB # 0, we have:
2 6 2 22 ta 2 6
T, = cos (E) cos’(AB) +sin *(AB)sin (—2-). (B.6)

The modeling of 7 in Eq. B.6 is shown in Fig. B.3. We can conclude from Fig. B.3
that (a) although values of maximum and minimum are changed, their positions of
wavelength are not changed; (b) FWHM is not changed.

3) IfAa=#0,AB =0, we have

T, = cos’ (—f—) +sin > (2A o) sin * (g) ) B.7)

that (a) although value of minimum is changed, the positions of wavelength of the peaks

(maximum values) are not changed; (b) FWHM is changed.
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The error analyses of transmittance due to the axis errors of polarizer and crystal
indicate that there are no changes in wavelength positions of the maximum value even if
there are some errors on the optical axis of birefringent crystal and polarization direction
of the polarizers. It is very important for measurement of the birefringent index of calcite

because, in principle, measuring the wavelength positions of the peaks is critical.
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