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Abstrat

Studies of Evolved Stars with a Mid-Infrared Interferometer

by

Everett Arthur Lipman

Dotor of Philosophy in Physis

University of California at Berkeley

Professor Charles H. Townes, Co-Chair

Dr. William C. Danhi, Co-Chair

The University of California at Berkeley Infrared Spatial Interferometer (ISI) is a two-

element stellar interferometer whih employs heterodyne detetion to gather starlight in

the mid-infrared (9{12 �m) wavelength range. Eah element of the ISI is a 1.65m tele-

sope, equipped with appropriate optial and detetion systems. Suessful operation

of the ISI requires that the star image in eah telesope be preisely entered on a signal

detetor. In order to aomplish this, near-infrared (2�m) guiding and tip-tilt orre-

tion systems have been built and inorporated into the ISI telesopes. Eah system uses

an InSb infrared amera to determine small errors in the position of the soure image.

Slower utuations in position, ourring over a period of a few seonds, are orreted

by adjusting the telesope traking. Fast utuations are aused by the atmosphere,

and are removed using a ontrollable tilting mirror. A signi�ant improvement in signal

quality, provided by this fast tip-tilt orretion, is demonstrated by data taken on the

supergiant � Orionis.

To be suitable for study by the ISI, a soure must have substantial mid-infrared

ux. Evolved stars, typially very luminous and surrounded by one or more shells of

dust, are the most ommon type of target for the ISI. The new guiding system enables

the ISI to trak these objets, whih, beause of their dust shells, often have insuÆient

visible ux for a guiding system using a silion detetor. During the 1997 observing

season, the evolved stars IRC+10011 and IRC+10420 were observed with the ISI.

Fringe visibility data and mid-infrared spetra for these two soures were ompared with
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theoretial values generated by radiative transfer models of the stellar surroundings.

IRC+10011 data were well �t by a spherial dust shell with inner radius 0.033

00

and a

density pro�le falling o� as r

�1:5

, slightly slower than the r

�2

expeted for uniform dust

outow. IRC+10420 data ould only be �t by a shell with a muh slower drop in density,

proportional to r

�0:5

. This shell had an inner radius of 0.120

00

. These observations will

help to inrease our understanding of the proesses whih govern the late stages of stellar

evolution.
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To my parents
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Chapter 1

Introdution

The lear night sky is fasinating to behold. At a remote site, unpolluted by arti�ial

lighting, one an see as many as a few thousand stars. These points of light, with

their many olors and brightnesses, evoke an undeniable desire for more knowledge of

their nature. During the last few hundred years, mankind has been turning ever more

powerful optial instruments toward the sky in order to disover where the stars are,

what they are made of, how big they are, and ultimately, how they live and die.

This dissertation desribes observations of evolved stars whih were made with

the U.C. Berkeley Infrared Spatial Interferometer (ISI). The ISI is a speial ombination

of two telesopes whih is able to obtain information with very high angular resolution

in the mid-infrared region of the eletromagneti spetrum. This range of wavelengths,

around 10�m, is where the thermal radiation from room-temperature objets is at its

maximum. Evolved stars, those in the late stages of the stellar life yle, are often

surrounded by shells of relatively ool dust, and thus make ideal targets for study with

the ISI.

1.1 Limitations of Telesopi Imaging

There are two primary reasons to use optial instruments to study the stars. The �rst

is to gather more light. A typial dark-adapted human pupil is only 5mm in diameter.

By using binoulars with 50mm objetive lenses, one inreases the amount of light in

the retinal image by a fator of (50=5)

2

= 100. For any given detetor (the ells of the

retina, or a silion harge-oupled detetor, for example), inreasing the amount of light



2

gathered will inrease the number of objets available for study, and improve the signal-

to-noise ratio on those already visible. Beause of this advantage, larger telesopes are

preferable, all other fators being equal.

The seond reason to use optial instruments is to improve resolution. Beause

of the wave nature of light, any point in an objet being viewed will be mapped, even

in a perfet optial instrument, to a di�ration pattern in the image. In the ommon

ase of an instrument with a irular entrane pupil, this will be the Airy pattern

(pitured in Fig. 1.2). The result of this e�et is a �ne-sale blurring, sine distint

points with small separations in the objet will beome overlapping disks with faint

rings surrounding them in the image.

The light intensity of the entral maximum (known as the Airy disk) of the

Airy pattern drops to zero at an angular distane of 1:22�=D radians from the enter,

1

where � is the wavelength of the light forming the image, and D is the diameter of

the instrument's entrane pupil. The di�ration-limited resolution angle of a telesope

is usually given as this same angle, 1:22�=D. This is the Rayleigh riterion, whih

states that the smallest angle whih an separate two resolved points in an objet is

that angle for whih the edge (�rst intensity null) of the Airy disk due to one point in

the image will oinide with the enter of the other disk. Although this de�nition is

somewhat arbitrary, it provides a useful measure for omparing optial systems. Using

this riterion, the resolution of an eye with a 5mm pupil, viewing green light,

2

would be

about 30 ar seonds (

00

), where 1

00

is 1/3600 of a degree of ar. By omparison, 20/20

vision is de�ned as the ability to read letters whih are 300

00

tall with 60

00

features.

At a distane of 17mm, the approximate foal length of the eye, 30

00

orresponds to

2.5�m. Notably, the light-sensitive rod and one ells in the retina have olleting areas

of approximately 1 and 4�m

2

, respetively. Thus these ells are just small enough to

take advantage of the best possible resolution whih the eye an have.

While a few ar seonds might seem to be a very small angle, and not a

serious limitation to useful resolution, the enormous distanes to the stars result in

1

The light intensity in the Airy pattern has the funtional form

�

J

1

(�)

�

�

2

, where J

1

is a Bessel funtion

of �rst order, and � � (

�

�

)D sin �. The �rst zero of J

1

(�) ours at � = 3:832, so that 3:832 = (

�

�

)D sin �

0

,

or D sin �

0

= 1:22�. The angular distane from the enter of the pattern, �, is normally extremely small

(around 5 � 10

�7

rad at optial wavelengths with a 1m aperture), so �

0

� 1:22�=D. A derivation of

this di�ration pattern is given by Lipson and Tannhauser [59℄.

2

The eye's sensitivity peaks near the enter of the visible spetrum, at a wavelength whih orresponds

to green light.
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their having minusule angular diameters. Figure 1.1 illustrates the sort of angle whih

must be resolved in order to see a star as a disk rather than a point of light. Even the

2.3 Miles

1 arc second (") = 1/3600 degree

0.055" = 55 mas

Supergiant Betelgeuse as seen from Earth

Figure 1.1: Illustration of small angles. As shown in the top part of the �gure, 1

00

is

the angle subtended by a dime at 2.3 miles. Betelgeuse (� Orionis), a star with one of

the largest angular diameters, subtends 55 thousandths of an ar seond as seen from

Earth.

supergiant Betelgeuse, whih is signi�antly larger than Jupiter's orbit, subtends only

55mas (thousandths of an ar seond) as seen from Earth. Using the Rayleigh riterion,

we an quikly ompute that in order to resolve, using visible light, two points with the

angular separation � of Betelgeuse's diameter, we would need a telesope with diameter

D � 1:22�=� = 2:5m.

Although there are a number of suh telesopes, long before we reah this

size, another limitation omes into play. For any telesope with a diameter greater

than about 25 m, distortion of the visible-light image by the atmosphere is more of a

limitation than di�ration. This situation is illustrated in Fig. 1.2. Reently, adaptive

optis systems have been developed whih orret for atmospheri utuations and allow

large telesopes to enjoy nearly di�ration-limited performane.

Although atmospheri turbulene an be avoided by launhing a telesope

into orbit, or orreted with adaptive optis, di�ration presents a more fundamental
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1

00

2:44�

D

= 0:11

00

Figure 1.2: Limitations of telesopi imaging. At the top is the di�ration disk whih

would result from the imaging of a perfet point soure in 2.2�m light by a 10m

telesope. Below, the di�ration disk is reprodued, to sale, next to a real image

of a binary star taken at 2.2 �m on the 10m Kek telesope. For any telesope with

an aperture larger than about 25 m, blurring of the visible-light image due to the

atmosphere is more of a limitation than di�ration.
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problem. It is not urrently possible to build telesopes muh larger than 10m in

diameter. Beause of this engineering limitation, we must use other methods in order

to obtain resolutions higher than 0.01

00

.

It was demonstrated late in the nineteenth entury that by using optial in-

terferene, one an, to some extent, overome both fators whih limit the resolution

of ordinary telesopes. This tehnique of stellar interferometry, desribed in hapter 2,

has been used sine the early 1920s to enhane our understanding of the stars. The ISI

is one of a number of interferometers presently obtaining information about stars and

their surroundings whih would not otherwise be available.

1.2 Evolved Stars

As was mentioned earlier, evolved stars, with their shells of relatively ool dust, are ideal

targets of observation for the ISI. Suh stars are also interesting from a theoretial point

of view, sine our understanding of the late stages of stellar evolution is still inomplete.

Figure 1.3 illustrates the life yle of a typial star, suh as our own Sun. A

omplete qualitative desription of this life yle an be found in The Physial Universe

by Shu [83℄, and a more tehnial treatment is given by Hansen and Kawaler in Stellar

Interiors [35℄. In the �gure, known as a Hertzprung-Russell diagram, the luminosity of

the star (in units of solar luminosity L

�

) is plotted against its e�etive temperature.

The e�etive temperature is the temperature whih a blakbody of the star's size would

need to have in order to math the luminosity of the star. When plotted on this diagram,

most stars fall within a band known as the main sequene. Position in the main sequene

is determined by stellar mass.

Most of the life of a star is spent in the main sequene, as the initial supply of

hydrogen is slowly fused into helium at the star's ore. When this supply of hydrogen

runs out, the ore will ontrat, and fusion will begin in a shell around the helium ash.

Helium produed by this \shell burning" aumulates in the ore, the additional mass

ausing further ontration. This ontration will inrease the gravity at the surfae of

the ore, and the temperature and density of the shell will rise, enhaning the fusion

reation. Consequently, the star begins to expand, and its surfae temperature drops,

sine the inreased luminosity is not suÆient to maintain the larger surfae area at the

original temperature. These hanges an be seen on the diagram as the initial departure
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Figure 1.3: Evolution of a star similar to the Sun (after Shu [83℄). The star spends most

of its life burning hydrogen on the main sequene. After the hydrogen is exhausted in

the star's ore, various hanges our whih lead, in the end, to the star beoming a

slowly ooling white dwarf. The dashed setions of the path are still poorly understood.

from the main sequene and subsequent horizontal movement as the star's surfae ools.

At this stage, the star is known as a subgiant. Eventually, the free eletrons in the star's

ore beome degenerate, and the extremely high gravity at the enter of the star further

stokes the reation in the shell. The large energy output from the shell auses the star

to asend the red giant branh as its luminosity grows.

At the tip of the red giant branh, the ore temperature in the star reahes

the point where helium an be fused into arbon. When this \helium ash" ours, it

is thought that the hydrogen-burning shell is temporarily disrupted, ausing the star's

luminosity to drop as it desends to the horizontal branh, whih is haraterized by a

stable helium-burning ore surrounded by a hydrogen-burning shell. After a period of

time spent on the horizontal branh, the fuel at the star's ore is one again exhausted,
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and shell burning begins, though this time in a helium shell. In a proess similar to

the asent of the red giant branh, the star beomes an asymptoti giant, and possibly

a red supergiant. Finally, the star will shed its envelope into a planetary nebula. The

eletron-degenerate ore of the star, its heat prodution having eased, will beome a

slowly ooling white dwarf.

As is indiated by the dashed lines in Fig. 1.3, some stages of the stellar life

yle are still poorly understood. During the asents of the red giant and asymptoti

giant branhes, a star's envelope beomes distended, and matter an be ejeted into the

interstellar medium. The proess by whih this mass is lost is not yet well haraterized,

although asymptoti giant branh (AGB) stars are seen to be surrounded by dust shells,

most of whih are observed to have outward veloities. Both a star's position on the

horizontal branh and eventual fate as an asymptoti giant depend on its mass. A star

whih manages to retain more than about 1.4M

�

(1.4 Solar masses, the \Chandrasekhar

Limit") will beome a neutron star, and possibly a supernova, instead of deaying to the

white dwarf state. Before we an omplete a theoretial desription of stellar evolution

and the omposition of the interstellar medium, we must understand mass loss from

evolved stars.

AGB stars and their dust shells are the most ommon objets observed with

the ISI, and the high-resolution information gleaned from ISI data an be ombined

with spetrosopi data to haraterize the sizes, shapes, densities, outow veloities,

and ompositions of stellar dust shells. This new information is ontributing to our

understanding of the mass-loss proesses whih drive the late stages of stellar evolution.
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Chapter 2

Stellar Interferometry

2.1 History

The use of optial interferene to measure astronomial objets was �rst suggested by

Fizeau in 1868 [29℄. After an unsuessful Frenh attempt to make suh a measurement,

Mihelson resurreted the idea in 1890 [63℄, and in 1891, he published the results of his

interferometri measurements of the angular sizes of the moons of Jupiter [64℄. Despite

this initial suess, Mihelson did not attempt to measure stellar angular diameters

for almost 20 years. At the time of Mihelson's initial measurement, it was thought,

based on the assumption that other stars were similar to the Sun, that stellar angular

diameters ould not be measured with an instrument of pratial (at the time) size.

After the turn of the entury, better understanding of blakbody radiation and

stellar e�etive temperatures enabled more aurate theoretial preditions of angular

diameters. In a 1920 publiation [28℄, Eddington predited a diameter of 0.051

00

for

Betelgeuse (� Orionis), and stated that

Probably the greatest need of stellar astronomy at the present day, in order

to make sure that our theoretial dedutions are starting on the right lines,

is some means of measuring the apparent angular diameters of stars. At

present we an alulate them approximately from theory, but there is no

observational hek.

By the time of this publiation, Mihelson and Pease were already working at Mt. Wilson

Observatory on the measurement of the angular diameter of Betelgeuse. Their result,
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whih was published in 1921 [65℄, was an angular diameter of 0.047

00

� 10%, in agreement

with Eddington's predition. Pease attempted to ontinue the work at Mt. Wilson with a

larger instrument, but the requirement of keeping the optial paths in the interferometer

onstant to within a few wavelengths of light proved insurmountable with the tehnology

of the time. This problem essentially halted progress in optial interferometry for the

next 30 years.

In 1956, Hanbury Brown and Twiss [19℄ realized that intensity orrelations in

the light impinging on two separated telesopes an be used to obtain stellar angular

diameters. Intensity utuations have a harateristi time equal to the oherene time

of the light being measured, thus the arrival times of various parts of the stellar wavefront

at the photoeletri detetor need only be mathed to within a reasonable fration of

the oherene time. This allows the use of large light olletors whose optial quality

an be relatively poor, and eliminates the e�et of atmospheri utuations. In pratie,

intensity interferometers have very narrow bandwidths (on the order of 100MHz) so that

the detetion eletronis an follow the intensity utuations. Beause of the narrow

bandwidth and orrespondingly large oherene length, an intensity interferometer is not

subjet to the problem whih vexed Pease. Although this tehnique is only viable for the

brightest stars, eventually a number of valuable results were obtained (Hanbury Brown

et al. [18℄).

The development of optial and eletroni tehnology has spurred a resurgene

of interest in amplitude interferometry over the last 25 years, and there are now a number

of suessful interferometers operating in the world. A olletion of papers edited by

Lawson [54℄ inludes desriptions of these instruments, as well as early work in the �eld.

Although little progress was made in optial amplitude interferometry between

the time of Pease and the reent past, many suessful appliations and extensions of

stellar interferometry were made at radio wavelengths, beginning in 1946 with the work

of Ryle and Vonberg [82℄. Radio interferometry will be disussed in x2.3.

The U.C. Berkeley Infrared Spatial Interferometer has its origins both in op-

tial and radio interferometry, and has pioneered long-baseline interferometri work in

the mid-infrared (9{12 �m) wavelength range.
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2.2 Theoretial Bakground

2.2.1 Coherene Length and Starlight

At �rst, it might seem ounterintuitive to use an interferometer to study light from

an inoherent, broad-band soure suh as a star. If one ombines the light from two

ashlights, the result will still be uniform illumination, with the intensity equal to the

sum of the intensities of the two soures. Likewise, sunlight ombined by reetion

does not normally exhibit interferene e�ets. There are, however, situations where

interferene e�ets are reated by \white" light. An example of suh a situation is the

ourrene of brilliant olors in soap bubbles and thin �lms of oil oating on water. The

ondition neessary in all systems produing interferene fringes from light is that the

paths taken from the soure to the point of interferene by the interfering beams of light

must be mathed to within a distane l



, the oherene length. For sunlight, l



� 1�m,

so in order to see interferene, we must have a pathlength di�erene, suh as a round

trip aross the thikness of a soap bubble, of not muh more than 1�m.

The light from a ashlight or a star is produed in the form of many photons,

eah resulting from the transition of a thermally-exited eletron. Unlike photons from a

laser, these are orrelated neither in phase nor in frequeny. We an represent a photon

with an idealized harmoni pulse as shown in Fig. 2.1. This pulse has the following

form:

f(t) =

8

>

<

>

:

os(2��

0

t) �

1

2

� < t <

1

2

�

0 elsewhere;

(2.1)

where � , the time over whih the pulse maintains a ontinuous phase, is alled the

oherene time. If we were to try to produe an interferene pattern with many pulses

of this form, for example by passing them through a beam splitter and reombining

them on a sreen, learly the two parts of a split pulse would need to arrive at the

sreen with a relative delay of no more than � in order for interferene to our. The

oherene length l



is de�ned as the distane over whih a photon will travel during its

oherene time, so

l



= �; (2.2)

where  is the speed of light.
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f(t)

t

1=�

0

�

Power Spetrum of f(t)

�

�

0

��

�� = 1=�

Figure 2.1: Power spetrum of a �nite harmoni pulse. Pitured here is a harmoni

pulse with duration � and frequeny �

0

. The power spetrum of the pulse has two

idential omponents. One, shown here, is entered about �

0

, and the other is entered

about ��

0

. The �rst maximum in the power spetrum of the pulse has a half-width at

its base of �� = 1=� .

We an relate � , and hene l



, to the bandwidth of the light by examining the

power spetrum of the pulse (Braewell [17℄), whih is:

g(�) = A sin

2

�

�(� � �

0

)�

�

; (2.3)

where sin(x) � sin(x)=x, and A is a normalization onstant, hosen suh that the power

of the pulse is the same in the time and frequeny domains. The half-width �� of the

entral maximum of g(�) at its base (Fig. 2.1) is usually hosen to represent the spread

of frequenies ontained in the pulse (as, for example, in Born & Wolf [14℄). From (2.3)

we an see that g(�) = 0 when

�� = � � �

0

= 1=�: (2.4)
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Substituting from (2.2), we have

l



= � = =��: (2.5)

Thus there is an inverse relationship between the bandwidth and oherene length of

light from a given soure. For visible sunlight, whih ontains wavelengths between 400

and 700 nm, �� � 3� 10

14

Hz, so l



� 1�m. Typial \monohromati" light, as from a

multimode laser with a bandwidth of 100MHz, would have a oherene length l



= 3m.

As will be desribed in x2.2.2, a simple stellar interferometer onsists of two

separated telesopes. The light olleted by the telesopes is ombined to produe

fringes, and from the ontrast (also known as \fringe visibility") of these fringes, we an

reover high resolution information about the brightness distribution of the soure on

the sky. In order to obtain fringes and make an aurate measurement of the visibility,

the interferometer must ensure that the paths taken by a stellar wavefront through the

two telesopes to the point of ombination are equal to within a fration of l



. This is

aomplished by plaing a variable delay in one of the arms of the interferometer, as

pitured in Fig. 2.8. The detetion bandwidth of the ISI is about 6GHz (l



� 5 m), so

the delay line, whih is a omputer-swithed bank of ables, must be ontinually adjusted

to maintain the equality of the signal paths to within about 1 m as the Earth's rotation

hanges the diretion to the star, and hene the geometri delay (Fig. 2.8).

2.2.2 Interferene Fringes and Fringe Visibility

The basi priniple of stellar interferometry is illustrated in Fig. 2.2. The stellar inter-

ferometer is represented as a two-slit experiment, with eah slit orresponding to one of

the telesopes. The distane between the telesopes, D, is referred to as the baseline.

The soures pitured are pairs of points, eah being smaller than the resolution of the

interferometer. They ould be thought of as losely spaed binary stars, for example.

Although the spaing in the �gure has been exaggerated for larity, it should be un-

derstood that the points omprising eah soure are separated by an angle � too small

to be resolved by the individual telesopes. Some typial numbers for the ISI would

be D = 32m, � = 11:15 �m, and � = 0:036

00

. Eah ISI telesope has a diameter of

1.65m, so one an ompare � to the resolution of eah telesope, whih is given by the

Rayleigh riterion (x1.1) as 1.7

00

. The distanes to all stars other than the Sun are so
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DD

D sin � = �=4

D sin � = �=2

V = 0V = 0:7

Fringe Visibility: V

M

�

I

max

� I

min

I

max

+ I

min

Resolution: �

min

= �=2D

Figure 2.2: Interferene fringe visibility. Eah of the two point soures, whih are

separated by an angle �, produes a fringe pattern when reeived by the two-slit inter-

ferometer. Sine the soures are mutually inoherent, the intensities of the individual

fringe patterns add to yield the �nal pattern. The angles and the light wavelength are

greatly exaggerated for larity. See the text for a desription of the fringe visibility and

resolution.
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enormous that the light from any point on a star arrives as a plane wave (exepting for

atmospheri distortion, whih will be disussed in x2.2.5).

Considering the omponents of the soures separately for the moment, we an

see that the plane wave due to eah unresolved point will form an interferene pattern

in the two-slit experiment. The intensities of the individual patterns are shown diretly

below the slits in Fig. 2.2. Beause these individual patterns are formed by mutually

inoherent points, there will be no interferene between the two patterns, but rather,

the intensities of the individual fringes will add inoherently to produe the observed

pattern. This is analogous to what happens when two ashlights illuminate the same

area. The intensities add, but there is no interferene. The observed pattern, whih is

what would atually be seen on the sreen of suh a two-slit experiment, is shown below

the individual patterns.

Even though the two soure omponents are mutually inoherent, a fringe

pattern is still observed in the example on the left-hand side of Fig. 2.2. One an easily

see that if the soure points were spatially oinident, the individual patterns would

have the same phase, and the resulting sum would have full swings between zero and

maximum intensity. If we observe soures with omponents that are separated by an

angle �, the ontrast of the observed fringe pattern will derease until the point shown

on the right-hand side of Fig. 2.2, where uniform illumination is observed.

In order to express the degree of fringe ontrast, Mihelson de�ned the fringe

visibility

V

M

�

I

max

� I

min

I

max

+ I

min

; (2.6)

where I

max

and I

min

are the maximum and minimum intensities in the observed fringe

pattern, respetively. When V

M

drops to zero, the soure is said to be resolved. As shown

on the right-hand side of Fig. 2.2, V

M

= 0 when sin � = �=2D. Using the small-angle

approximation,

�

min

= �=2D; (2.7)

where �

min

is the angle taken to be the resolution limit for the interferometer. Comparing

�

min

to the Rayleigh riterion, we an see that the formal resolution of an interferometer

is roughly the same as that of a telesope with radius D. Sine the largest presently

operating infrared telesope has an e�etive radius of 5m, an interferometer suh as the
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ISI has a signi�ant resolution advantage at a given wavelength. With a 32m baseline,

the ISI has a resolution �

min

= 0:036

00

.

An important feature of the observed fringe shown on the left-hand side of

Fig. 2.2 is the o�set in phase from the enter of symmetry of the two-slit experiment. If

the soure were entered about the axis of symmetry, the fringe would also be entered,

with zero phase. In atual pratie, the phase of the fringe onstantly hanges during

an observation. The rotation of the Earth moves the soure with respet to the interfer-

ometer, sweeping the fringe past the enter of symmetry. If a photodetetor were plaed

so that it measured the intensity in a small area (� one yle) of the fringe pattern, its

output would be an osillation at the natural fringe frequeny , whih is determined by

D, �, the position of the star, and the rotation rate of the Earth. The natural fringe

frequeny for the ISI would be about 210 Hz for a 32m east-west baseline with the star

due south on the elestial equator. It turns out that atmospheri utuations (x2.2.5),

whih introdue a random phase di�erene between the telesopes, make it diÆult to

measure the absolute phase of the fringe, and with a two-element interferometer, this

information is lost. As will be disussed in x2.2.3, lak of phase information requires

that some assumptions be made about the symmetry of the soure if its brightness

distribution is to be reonstruted.

Naturally, it is desirable to measure a wide range of soures with an interfer-

ometer, not just those whose angular size happens to oinide with a single ombination

of wavelength and baseline, as in Fig. 2.2. Realling that �

min

= �=2D, we an see that

a soure with a given angular size will be resolved if the baseline is inreased until this

equation is satis�ed. In fat, in Mihelson's original experiment, this is exatly what

was done. A series of measurements was made with the interferometer mirrors at var-

ious separations until the fringe visibility dropped to zero, indiating the size of the

soure (whih was the star � Orionis). Measurements at a wide range of baselines are

made possible with a �xed interferometer by the tehnique of Earth rotation synthesis.

Although the main olleting mirrors of an interferometer are separated by a baseline

D, if the diretion to the soure is not perpendiular to the baseline, the resolution for

a given measurement is determined by the e�etive baseline D

e

. This is the projeted

baseline as seen from the diretion of the soure (Fig. 2.8). By situating the telesopes

on an east-west baseline, the observer an make measurements with baselines D

e

rang-

ing from D when the soure is on the meridian, all the way down to some small fration
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of D as it approahes the horizon. In priniple, as the Earth rotates during the ourse

of the night, the interferometer will measure the soure's visibility urve, whih is its

fringe visibility V

M

as a funtion of e�etive baseline D

e

.

2.2.3 Fringe Visibility in Two Dimensions

If all soures were simple pairs of unresolved points, and all that was desired was the

separation of the two points, it would be suÆient to �nd where the visibility urve

for a given soure drops to zero. One ould then use (2.7) to ompute the separation

angle. Ultimately, however, the goal of interferometry is to take advantage of high

angular resolution to disern struture in soure images whih appear only as points to

a onventional telesope.

In the desription that follows, and in the visibility urves shown later, the

interferometer baseline will be represented by the spatial frequeny u = D=�, whih

is the length of the baseline in units of the observation wavelength. As shown in the

previous setion, �=2D is an angle, whih is onvenient to express in arseonds. The

spatial frequeny will be expressed in inverse arseonds (arse

�1

), so

u (radians

�1

) =

�

180

�

�

� 3600 � u (arse

�1

):

Figure 2.3 illustrates the situation when a real soure, with a two-dimensional

brightness distribution B(�; �),

1

is observed with a two-element interferometer. Light

from a point p in the soure will arrive at eah telesope, produing an eletri �eld E

1p

at T

1

and E

2p

at T

2

, where

E

1p

= E

1p

e

i(!t+�

1p

)

and

E

2p

= E

2p

e

i(!t+�

2p

)

: (2.8)

The phases �

1p

and �

2p

depend on the oordinates (�; �) of p, as well as the positions

of the telesopes, expressed as spatial frequenies u and v. E

1p

and E

2p

are the (real)

amplitudes after reeption by the telesopes. These two �elds are ombined by the

interferometer to produe a fringe pattern with �eld E

p

= E

1p

+ E

2p

. Apart from a

1

Over a given bandwidth, B(�; �) measures the power per unit area reeived at the ground from an

element of the soure subtending a given solid angle. It ould have units of

W

m

2

�steradian

, for example.
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Figure 2.3: Brightness distribution B(�; �) observed with a two-element interferometer.

The soure image is represented as a funtion of the two (small) angles, � and �. E�etive

baseline D

e

is the projetion of the vetor onneting telesopes T

1

and T

2

onto the

(u; v) plane. This plane is perpendiular to a vetor pointing at the enter of the �eld of

view. Radiation from a point p is olleted by the telesopes and ombined to produe

a omponent fringe pattern. The omplete fringe pattern is the sum of the omponents

ontributed by all points in B(�; �).
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onstant fator (�

0

), the irradiane of the fringe due to light from point p is

I

p

= hE

p

E

�

p

i

= h(E

1p

+E

2p

)(E

�

1p

+E

�

2p

)i

= hE

1p

E

�

1p

+E

2p

E

�

2p

+ (E

1p

E

�

2p

+E

2p

E

�

1p

)i

= hE

1p

E

�

1p

i+ hE

2p

E

�

2p

i+ 2<hE

1p

E

�

2p

i

= I

1p

+ I

2p

+ 2<hE

1p

E

�

2p

i; (2.9)

where <hE

1p

E

�

2p

i is the real part of hE

1p

E

�

2p

i. The angle brakets denote a time

average over a period longer than one optial yle, but shorter than the response time

of the photodetetor used to detet the fringe pattern. Substituting from (2.8) into the

last term of (2.9), we have

2<hE

1p

E

�

2p

i = 2<hE

1p

E

2p

e

i(!t+�

1p

)

e

�i(!t+�

2p

)

i

= 2E

1p

E

2p

� <he

i(�

1p

��

2p

)

i

= 2E

1p

E

2p

� os(�

1p

� �

2p

)

= 2

p

I

1p

I

2p

� os(�

1p

� �

2p

): (2.10)

Finally,

I

p

= I

1p

+ I

2p

+ 2

p

I

1p

I

2p

� os(�

1p

� �

2p

): (2.11)

Eah point p will ontribute a omponent fringe of the form (2.11), with irradianes

determined by the value of B(�; �) at p and the telesope responses, and phase �

1p

��

2p

determined by �, �, and D

e

.

The intensity I of the omplete fringe pattern will be

I = I

1

+ I

2

+ 2<hE

1

E

2

i; (2.12)

where the quantities shown here are sums over all p in B(�; �) of the orresponding

subsripted variables in (2.9). If we de�ne the omplex normalized orrelation funtion

�

12

(D

e

) �

hE

1

E

2

i

p

I

1

I

2

; (2.13)

we an rewrite (2.12) as follows:

I = I

1

+ I

2

+ 2

p

I

1

I

2

� <f�

12

g: (2.14)
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The maximum possible value of <f�

12

g is the modulus j�

12

j. Likewise, the minimum

value is �j�

12

j. Thus,

I

max

= I

1

+ I

2

+ 2

p

I

1

I

2

� j�

12

j and

I

min

= I

1

+ I

2

� 2

p

I

1

I

2

� j�

12

j: (2.15)

Substituting into (2.6), we have

V

M

=

2

p

I

1

I

2

I

1

+ I

2

� j�

12

j

= j�

12

j for I

1

= I

2

: (2.16)

Mihelson's fringe visibility is therefore equal to the modulus of the omplex normalized

orrelation funtion �

12

(D

e

). Using the small-angle approximation for � and �, as is

done in the analysis of Fraunhofer di�ration, it an be shown (Thompson et al. [89℄)

that �

12

(D

e

) is the two-dimensional Fourier transform of B(�; �):

�

12

(D

e

) =

1

p

I

1

I

2

Z

1

�1

Z

1

�1

B(�; �)e

�2�i(D

u

�+D

v

�)

d�d�; (2.17)

where D

u

and D

v

are the u and v omponents of the e�etive baseline vetor D

e

. This

result is known as the Van Cittert-Zernike theorem. It should be noted that only the

omponent lengths ofD

e

are important, not the position of the vetor in the (u,v) plane.

Up until this point, we have been assuming that D

e

is well-de�ned by the posi-

tions of the two telesopes, so a given visibility measurement should yield the modulus of

the two-dimensional funtion �

12

at a point (D

u

;D

v

). In reality, however, the telesopes

have sizes whih an be an appreiable fration of the baseline. Therefore, a visibility

measurement atually samples a range of baselines between all of the pairs whih an

be made up of one point in T

1

and one in T

2

. This smearing of the e�etive baseline

hanges the visibility value obtained to that whih would result from the onvolution of

�

12

(D

e

) with the telesope aperture. By the onvolution theorem (Braewell [17℄), this

operation is equivalent to multiplying B(�; �) by A(�; �), where A(�; �) is the transform

of the telesope aperture. We an de�ne the normalized omplex visibility

V(D

e

) �

1

p

I

1

I

2

Z

1

�1

Z

1

�1

A(�; �)B(�; �)e

�2�i(D

u

�+D

v

�)

d�d�; (2.18)

the modulus of whih is atually measured by the ISI. The visibility urves presented in

the following setions are plots of jV(D

e

)j versus jD

e

j. For an ideal irular aperture,
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the funtion A(�; �) is just the familiar Airy pattern. In the modeling of ISI data, we

use a Gaussian pro�le with a 2.5

00

full-width at half-maximum|based on measurements

of the telesope beam|whih takes into aount atmospheri blurring.

By inverting (2.18), we should be able to reonstrut B(�; �) if we an measure

both the modulus and the phase ofV(D

e

) for a large number of points in the (u; v) plane.

Unfortunately, a two-element interferometer is limited to a small subset of the desired

data. Beause of atmospheri utuations (x2.2.5), measurement of the fringe phase is

not pratial. In addition, at best, two telesopes an have a range of baselines (using

Earth-rotation synthesis) whih forms a one-dimensional urve on the (u,v) plane.

2

These limitations fore an assumption of axial symmetry about the enter of the �eld

of view in the reonstruted image.

The two-dimensional Fourier transform of an axially symmetri brightness dis-

tribution B(�; �) will yield an axially symmetri V(D

e

). In this ase, the funtionV(r

0

)

an be obtained by performing the one-dimensional Hankel transform (Braewell [17℄)

of B(r), where r

2

= �

2

+ �

2

, and r

0

2

= D

2

u

+D

2

v

. The Hankel transform is similar to the

Fourier transform, exept that Bessel funtions are used in plae of harmoni funtions.

This proedure (Hansen [36℄), requires muh less omputation than a two-dimensional

Fourier transform, and is therefore used when ISI data are modeled.

Despite the lak of (u,v) overage and phase information, two-element interfer-

ometry provides sienti�ally useful high-resolution information whih is not urrently

available by any other means.

2.2.4 Interpretation of Visibility Curves

Figure 2.4 shows three examples of intensity pro�les for axially symmetri objets. The

orresponding visibility urves, whih would be measured by a two-element interferom-

eter, are pitured next to the pro�les.

The �rst example, at the top of the �gure, is a Gaussian radial pro�le. The

Hankel transform of a Gaussian is also Gaussian. The widths of the two urves are

inversely related, suh that the produt of the full-width at half-maximum (FWHM) of

the pro�le and the FWHM of the visibility urve is �

4

�

ln(

1

2

). Beause of the simpliity

of this transform pair, Gaussian funtions are useful as models when it is desirable to

2

The telesopes an, of ourse, be moved to get more (u,v) overage, but this is time-onsuming, and

baselines whih are not oriented east-west make less e�etive use of Earth rotation synthesis.
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Figure 2.4: Examples of visibility urves. Shown above are radial intensity pro�les

and orresponding visibility urves for three simple objets with axial symmetry. The

top example illustrates that a Gaussian pro�le results in a Gaussian visibility urve.

The produt of the full-widths at half-maximum of the pro�le and visibility urve is

�

4

�

ln(

1

2

). The middle example shows the visibility urve for a uniform disk. The �nal

example illustrates the linearity of the Fourier transform. On the left is a radial pro�le

made up of a uniform disk added to a broad, dim Gaussian (note the logarithmi sale).

The visibility urve in this ase is the sum of two urves, eah orresponding to one of

the omponents of the radial pro�le.
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get a rough estimate of the size of an objet from sparse visibility data. This tehnique

is used in Appendix A.

The middle example in Fig. 2.4 shows a uniform disk and the orresponding

visibility urve, whih is an Airy funtion. A uniform disk is often used to model a star

with no dust shell. The radius of the disk shown here was hosen to math the observed

radius of � Orionis at 11�m (0.0283

00

, as given by Bester et al. [8℄).

The �nal pair in the �gure illustrates the linearity of the Fourier transform.

If we have an objet omposed, for example, of a bright entral star surrounded by

dust, its intensity pro�le might look like a uniform disk added to a muh dimmer

extended Gaussian. The Fourier transform of the sum of these two funtions is the

sum of the individual transforms. Therefore, the resulting visibility urve onsists of

a narrow Gaussian, orresponding to the broad Gaussian in the pro�le, added to an

Airy funtion, generated by the entral disk. This visibility urve bears a qualitative

resemblane to the urve for � Orionis (Fig. 3.30), though in that ase, the dust is in

a larger shell than in this example. The relative amounts of power ontained in the

disk and shell are the same in Fourier spae as they are in real spae. Even though the

shell has a muh lower brightness, it overs a muh wider area

3

than the disk, and thus

ontributes a substantial fration of the visibility urve. Sine the shell is muh larger

than the disk, it is resolved at shorter baselines (smaller spatial frequenies), and there

is no ontribution to the visibility urve from the shell past about 5 arse

�1

. Although

the power from the shell has been resolved, the power from the disk still ontributes to

the urve at the longer baselines.

Ideally, one might want to take a visibility urve from the ISI and diretly

transform it to obtain the brightness pro�le of the soure. In pratie, however, the

data are usually too sparse for this to be e�etive. As will be disussed in Chapter 4, a

better approah is to use a model of the star and its surroundings to generate a radial

pro�le. This pro�le an then be transformed and ompared with the data.

3

Reall that the intensity pro�les shown here are radial, so the amount of power reeived by the

interferometer from the region of the soure at angular radius r is proportional to rB(r), where B(r) is

the intensity (brightness) pro�le.
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Figure 2.5: Fringe signal power spetrum under di�ering seeing onditions. The data

shown here were taken on � Orionis in November 1995 and November 1992. The

extremely narrow spetrum on the left is indiative of exellent atmospheri onditions.

During the aquisition of the fringe signal whose spetrum is shown on the right, poor

atmospheri onditions aused phase modulation of the signal omponents, broadening

the spetrum.

2.2.5 Atmospheri Flutuations

Flutuations in the phase of starlight, due to variations in the atmospheri index of

refration, present a substantial obstale to the gathering of aurate fringe visibility

data. As an be seen in Fig. 2.2, any utuation in the phase of the inoming stellar

wavefront whih hanges the relative phase at the two apertures of the interferometer will

ause a shift in the phase of the fringe pattern due to that wavefront. Phase shifts in the

plane wave omponents ontributing to the fringe signal will blur the pattern, dereasing

the preision of the visibility measurement. This situation is illustrated in Fig. 2.5. A

formal treatment of the e�ets of the atmosphere (\seeing") on interferometry an be

found in a paper by Roddier [81℄.

Atmospheri utuations, being a manifestation of loal weather and turbulent

uid ow, are inherently diÆult to desribe and predit. There are, however, some use-
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�

2:4

r

0

Figure 2.6: Illustration of the Fried oherene parameter. Initially parallel stellar wave-

fronts are distorted by utuations in the atmospheri index of refration. r

0

is the

distane over whih the RMS wavefront distortion is �=2:4. r

0

varies as �

6=5

for an ideal

atmosphere desribed by Kolmogorov turbulene theory, and is typially on the order

of 10 m at visible wavelengths.

ful saling laws and order of magnitude estimations whih allow us to haraterize the

problem. In his 1965 paper [30℄, Fried analyzed the distortion of an optial wavefront by

atmospheri turbulene. His analysis derived statistial properties of the distortion of a

wavefront passing through an atmosphere desribed by Kolmogorov turbulene theory.

Fried de�ned a parameter, r

0

, the distane over whih the root-mean-square (RMS)

utuation of the phase of a wavefront with wavelength � is �=2:4, as is illustrated in

Fig. 2.6. This de�nition of r

0

was hosen suh that r

0

is \that diameter of a heterodyne

olletor for whih distortion e�ets begin to seriously limit performane," and is further

explained in a subsequent paper [31℄. In this latter paper, Fried also derived that, for

propagation through Kolmogorov turbulene, r

0

/ �

6=5

. It is also useful to know how

fast the propagation onditions hange in the atmosphere. If one uses the approxima-

tion that refrative index utuations our in a �xed pattern whih moves past the

telesope at a typial atmospheri wind veloity (v � 10m/s), the harateristi time

orresponding to r

0

is r

0

=v, whih for visible wavelengths is on the order of 10ms. This

has proved to be a good approximation, as pitures of stars taken with exposure times
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less than r

0

=v tend to show signi�antly less blurring than do longer exposures.

Fried approximated the wavefront using a series of orthonormal polynomials,

representing the phase distortion as an overall average phase hange, two terms in

the tilt of the wavefront (the \tip" and \tilt" in \tip-tilt orretion"), spherial and

hyperboli deformations, and other higher-order terms. He was then able to derive

RMS values of the oeÆients representing the distortion in eah of these omponents

due to propagation through the turbulent atmosphere. All of the RMS oeÆient values

were found to vary as (D=r

0

)

5=3

, where D is the diameter of a irular region of interest

(e.g. a telesope aperture) of the wavefront. Of signi�ant interest is that the theoretial

fration of wavefront deformation in the tilt (�rst order) omponents was found to be

91% of the total, negleting terms of third order and higher. Using Fried's results,

Tango and Twiss [86℄ predited a frational loss of visibility due to the tilt omponents

of a bit less than 20% for an interferometer with D=r

0

= 0:4, whih is the ase for the

ISI at 11�m, assuming a typial r

0

at this wavelength of 4m.

It should be emphasized that any numerial predition using these results is

impreise at best. Even at Mt. Wilson observatory, renowned for its exellent seeing

onditions, harateristis of the atmospheri turbulene an vary by up to an order

of magnitude. An illustration of this variane is given in Fig. 2.7. In addition to the

apries of the atmosphere, there are weaknesses in other assumptions underlying Fried's

results. Turbulene theory obviously an not take into aount suh inuenes as loal

terrain variations, soures of heat, or trees. On a more subtle level, work done by

our group has shown that in ertain regimes, Kolmogorov turbulene is not suÆient to

explain the behavior of the atmosphere. In partiular, under favorable seeing onditions,

phase utuations grow more slowly than expeted with time (Bester et al. [7℄), and

onditions near the ground must often be modeled separately to adequately explain the

observed utuations (Truehaft et al. [90℄).

In order to ompensate for the �rst order phase utuations aused by the

atmosphere, a tip-tilt orretion system has been onstruted for the ISI. Although

this system an not ompensate for overall phase di�erenes indued by the atmosphere

along the line of sight to the star (the zero-order term in Fried's approximation), the �rst

order distortions of the wavefront an be largely removed. The resulting improvements

to ISI data quality are disussed in x3.4.4.
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10’’
10’’

Figure 2.7: Star images under di�erent seeing onditions. These star images were taken

by the ISI guider ameras on nights whih represent the extremes of the seeing onditions

at Mt. Wilson. See also Fig. 2.5.

2.3 Radio Interferometry, Heterodyne Detetion, and the

ISI

A number of the tehnial diÆulties assoiated with optial interferometry do not ap-

ply to interferometers operating at radio wavelengths. The lower frequenies and longer

wavelengths allow the use of eletroni iruitry for manipulation and ombination of

stellar signals, and greatly redue the requirements of extreme rigidity and stability

whih make the onstrution of an optial interferometer so diÆult. The �eld of radio

interferometry has advaned signi�antly beyond the stage of two-element instruments.

Arrays of radio antennas take fringe data simultaneously on a number of baselines, al-

lowing the reonstrution of two dimensional images. Suh tehniques have only beome

possible at optial wavelengths within the last few years. The most aurate stellar posi-

tions available are measured using radio interferometers with interontinental baselines.

In these instruments, the individual signals are reorded on tape, and the atual om-

bination to produe fringes takes plae later. This is, of ourse, impossible at optial

frequenies. A omprehensive treatment of radio interferometry, inluding a historial

review, is given in Thompson, Moran, and Swenson's Interferometry and Synthesis in
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Radio Astronomy [89℄.

The U.C. Berkeley Infrared Spatial Interferometer (ISI) is a two-element

(though a third is under onstrution) interferometer whih operates in the mid-infrared

(9{12 �m). Despite the relative proximity of the mid-infrared to the visible region of

the spetrum, the ISI uses heterodyne detetion, a tehnique ommon to radio interfer-

ometers. Figure 2.8 shows a blok diagram of a basi heterodyne stellar interferometer,

and Fig. 2.9 illustrates the di�erene between heterodyne and \diret" detetion. In

heterodyne detetion (x3.2.1), light from the soure under observation is ombined with

radiation from a \loal osillator" (LO). This ombination produes a signal at a fre-

queny (the \intermediate frequeny" or IF) whih is the di�erene between that of the

LO and that of the soure. This di�erene signal is then at a muh lower frequeny

(200MHz{3GHz for the ISI) than that of the infrared starlight (30THz), whih enables

manipulation of the signal with eletroni iruitry. The use of heterodyne detetion in

the ISI is made possible by stabilized CO

2

lasers whih serve as loal osillators.

Heterodyne detetion in the mid-infrared provides a number of advantages for

interferometry, but also has its drawbaks. A major di�erene between heterodyne and

diret detetion is that with heterodyne, the detetion bandwidth is relatively narrow,

being limited by the detetors used to gather the di�erene frequeny signal. In the

ase of the ISI, the detetors have a 3GHz bandwidth, whih provides us with a (dual

sideband) detetion bandwidth �� = 6GHz, ompared to a frational bandwidth of

10% (a few terahertz) whih would be reasonable for a orresponding diret detetion

instrument. While in the ase of omparable bandwidths, heterodyne detetion an

have a larger signal-to-noise ratio (SNR), this fator of roughly 500 di�erene in band-

widths results in a muh larger signal power, and orresponding gain in SNR, for diret

detetion.

In order to larify this theoretial advantage, it is useful to examine the sit-

uation quantitatively, omparing the ISI with a hypothetial 10�m diret-detetion

interferometer. In a typial appliation of heterodyne detetion, the power of the loal

osillator far exeeds that of the signal whih is to be measured. For example, the signal

power from the ISI LO exeeds that from the brightest 11�m soure in the northern

sky by about a fator of about 10

9

at the detetor. Sine the detetor output urrent

is proportional to the produt of the input signal amplitudes (x3.2.1), the large LO

power results in a orrespondingly large signal urrent. This urrent ontains the phase
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Figure 2.8: Heterodyne stellar interferometer. After reeption by the telesopes, infrared

starlight (IR) is ombined with light from a loal osillator to produe an intermediate-

frequeny (IF) signal. The phase relationship between the two loal osillators is on-

trolled by a phase-lok loop. The IF signal from one of the telesopes is sent through a

delay line in order to ompensate for the geometri delay shown in the path taken by

the starlight. Finally, the signals are ombined in a orrelator to produe interferene

fringes.



29

starlight

photodetetor

fringe signal

Diret Detetion

loal

osillator

orrelator

starlight

photodetetor

beamsplitter

IF signal

fringe signal

Heterodyne Detetion

Figure 2.9: Shemati omparison between diret and heterodyne detetion in stellar

interferometers. In a diret detetion interferometer, ollimated starlight from both

telesopes is ombined to produe an interferene pattern. A photodetetor is used

to measure the intensity in a small (� one yle) area of the pattern. A heterodyne

system ombines the starlight in eah telesope with the signal from a loal osillator.

This produes an intermediate frequeny (IF) signal whih preserves the phase of the

starlight. If the phase relationship between the two loal osillator signals is �xed, the

IF signals from the two telesopes an be ombined in an eletroni orrelator to produe

a fringe signal.

information from the small signal of interest, and an be made large enough that noise

from the detetor, ampli�ers, and thermal bakground is insigni�ant by omparison.

This leaves utuations in the input signal (essentially all of whih is the LO) photon

ount as the dominant soure of noise. The SNR in this ase, using a detetor with

quantum eÆieny �, is given by Betz [11℄ as:

SNR

het

=

�P

s

h�B

p

Bt

where h� is the photon energy, P

s

is the signal power, B is the IF bandwidth, and t is

the duration of the measurement. For the purposes of this omparison, ideal (� = 1)

photodetetors will be assumed for both types of detetion system. Setting SNR

het

= 1,
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we �nd that the noise-equivalent-power

4

(NEP) is

NEP

het

=

h�B

p

Bt

=

h�

p

B

p

t

=

h�

p

��

p

2t

; (2.19)

where we have used the dual-sideband detetion bandwidth �� = 2B. For the ISI,

operating at 11�m, with �� = 6GHz, this is

NEP

ISI

� 1� 10

�15

W (2.20)

for a 1 seond measurement.

The noise in a mid-infrared diret detetion interferometer would be dominated

by utuations in the thermal bakground from the instrument and its surroundings. We

an make an rough estimate of this noise as follows. The thermal radiation bakground

power (Kingston [48℄) reeived by the detetor is

P

b

= �A


2h�

3

��



2

(e

h�=kT

� 1)

; (2.21)

where � is the ombined emissivity of the optial system and atmosphere, A is the dete-

tor area, 
 is the solid angle over whih radiation is olleted (the produt A
 remains

onstant throughout the optial system), and �� is the detetion bandwidth. We will

assume that the detetor has a size and plaement in the optial system suh that it

aepts radiation in only one spatial mode, orresponding to a plane wave perpendiular

to the optial axis at the entrane pupil. This will be approximately true if the detetor

orresponds to the size of the Airy disk. Although some radiation from other modes

may hit the detetor, this approximation will give us a good lower limit. For this mode,

the solid angle of olletion at the primary mirror 
 �

�

�=D

�

2

, where D is the primary

mirror diameter. We then have

A
 � D

2

�

�

D

�

2

= �

2

= 

2

=�

2

:

Substituting into (2.21), we have

P

b

=

2�h���

e

h�=kT

� 1

=

�

Nh�;

where

�

N =

2���

e

h�=kT

�1

is the average number of photons reeived per seond. At 11�m

with a 290K bakground, the photon arrival utuations are desribed by Poisson statis-

tis. The RMS noise in P

b

will therefore be

p

�

Nt photons per measurement time t.

4

The NEP is the signal power required to produe an SNR of 1 in the spei�ed measurement time.
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Finally, we have

NEP

diret

= h�

p

�

Nt

t

= h�

r

�

N

t

=

h�

p

��

p

t

r

2�

e

h�=kT

� 1

: (2.22)

Comparing the the expressions for NEP

diret

and NEP

het

from (2.19), we have

NEP

diret

= 2

r

�

e

h�=kT

� 1

NEP

het

if �� is the same for both systems. Note, however, that this is not normally the

ase, so there will usually be an additional fator of the square root of the ratio of

the bandwidths whih must be used in a omparison. We will assume that the total

emissivity at 11�m of the atmosphere and the mirrors in the telesope is approximately

0.5, whih is reasonable for a realisti optial system with on the order of 10 mirrors

whih are not perfetly lean. At a bakground temperature of 290K we then have

2

r

�

e

h�=kT

� 1

= 0:15:

Using a bandwidth of 3THz for our hypothetial 11�m diret-detetion interferometer,

we get

r

��

diret

��

het

=

p

500 = 22:4:

Comparing (2.22) with (2.19) and (2.20), we an estimate that for this instrument,

NEP

diret

� 3� 10

�15

W

for a 1 seond measurement. This is about 3 times NEP

ISI

from (2.20).

Although the NEPs are omparable for the two di�erent types of detetion,

the amount of signal power reeived by eah system is proportional to ��. With a

�� 500 times that of the heterodyne system, a diret-detetion interferometer would

theoretially enjoy an SNR approximately 500=3 � 170 times (5.6 stellar magnitudes)

larger. This apparent relative advantage for diret detetion is never realized in pratie.

The above analysis fails to take into aount a signi�ant advantage of small bandwidth.

The ISI's bandwidth of 6GHz yields a oherene length (x2.2.1) of 5 m. In addition to

greatly simplifying a number of aspets of instrument onstrution, this large oherene

length allows the ISI delay line to operate in a \passive" mode, whereby the delay line

is adjusted, based on the omputed geometry of the star and telesopes, suh that the



32

path length di�erene remains less than about 1 m. The adjustment need only take

plae a few times per minute on average. As a result, the ISI an perform ontinuous

averaging of the fringe visibility. Atmospheri utuations will ause the phase of the

fringe to shift, but beause of the large oherene length, the geometri delay will still

be ompensated, and the fringe amplitude (and hene visibility) will remain onstant.

A diret detetion interferometer, however, typially has only a few wavelengths of

oherene. This fores suh an interferometer to use \ative" delay traking, in whih

the delay line is rapidly adjusted so that it an ompensate for the atmosphere and keep

the path lengths equal to within a few wavelengths. The time whih an ative delay-

traking system has to measure the fringe, ompute a orretion, and ompensate for the

state of the atmosphere is neessarily less than the atmospheri oherene time. Suh a

fast measurement an only be made on suÆiently bright soures, and in pratie, this

severely redues the number of soures whih an be measured with a diret-detetion

interferometer. While the ISI an observe a weak star ontinuously for a time on the

order of an hour, a diret-detetion mid-infrared interferometer would be limited to

soures for whih it ould measure the fringe signal in less than about a third of a

seond.

The narrow bandwidth of a heterodyne system also a�ords the opportunity

to make spetral measurements with high spatial resolution. Gathering this valuable

information about the distribution of atoms and moleules in stellar atmospheres is

not pratial using diret detetion systems. Typial mid-infrared Doppler-broadened

linewidths seen in the material around stars are on the order of a few hundred megahertz.

A heterodyne system an ollet suh a narrow-band signal using �lters and enjoy

relatively good sensitivity, sine heterodyne noise is proportional the the square root of

the bandwidth. Suh work with a diret-detetion system would require a relatively high

resolving power (roughly 10

5

), and the low photon ount would ause the signal to be

dominated by detetor and ampli�er noise. A heterodyne system with suÆiently high

loal osillator power would avoid this noise problem. The ISI is presently being used to

make spetral measurements with a resolution of 60MHz. This resolution orresponds to

the Doppler shift due to motion at about 0.7 km/s, and is thus suÆient to make useful

measurements of outow veloities in stellar dust shells. Suh veloities are usually on

the order of 20 km/s.

An e�et, not related to bandwidth, whih onfers a relative advantage on
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heterodyne detetion is that of wavefront mathing. The ISI will only detet inom-

ing radiation whih mathes the shape of the loal osillator wavefront. This radiation

ontains the desired information about the soure. In ontrast, a diret detetion inter-

ferometer will detet radiation whih has been distorted by the atmosphere, and thus

annot ombine to produe fringes. This will add to the bakground level of the fringe

pattern, orrupting the visibility measurement.

Finally, the use of heterodyne detetion allows ampli�ation and splitting of the

down-onverted stellar signal. These manipulations an be aomplished with standard

mirowave eletronis, and result in no signi�ant loss in signal-to-noise ratio. For

interferometri arrays with n elements, the signal from eah telesope must be shared

among n(n� 1)=2 baselines. In a diret-detetion array with more than a few elements,

the requisite splitting of the optial signal from eah telesope would ause a substantial

signal-to-noise redution. This advantage of heterodyne detetion will take on inreasing

importane as the �eld of optial and infrared interferometry matures.
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Chapter 3

The U.C. Berkeley

Infrared Spatial Interferometer

The U.C. Berkeley Infrared Spatial Interferometer (ISI) is a two-element interferometer

whih makes use of heterodyne detetion in order to measure stellar fringe visibilities

in the 9{12 �m wavelength range. The ISI is loated at Mt. Wilson Observatory in the

San Gabriel mountain range north of Los Angeles, California. As shown in Figs. 3.1 and

3.2, eah of the ISI telesopes is mounted in a standard semitrailer, and uses two large

mirrors in a on�guration known as a \Pfund" design, named after the spetrosopist

who �rst used an instrument [78℄ of this type. When the interferometer is in use, the

mirror mounts are eah supported by large steel pedestals. These pedestals rest on

onrete pads whih have been laid out on the site in a pattern that allows baselines

of di�erent lengths and orientations to be realized. The optis table in eah trailer, on

whih the detetion system and its assoiated optis are mounted, is supported by the

at mirror mount, and is thus somewhat isolated from vibrations of the trailer. When

the trailers are to be moved, as when a baseline hange ours, the trailer frames are

raised so that they pik up the mirror mounts. The trailers an then be towed to new

positions. A general desription of the ISI, along with some early results, an be found

in a paper by Bester, et. al. [9℄. Sine the ISI began taking fringes in June 1988, many

upgrades [6℄ have been performed, inluding the onstrution of the guiding and tip-tilt

orretion system to be desribed in this hapter.
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Figure 3.1: The U.C. Berkeley Infrared Spatial Interferometer. The interferometer is

omprised of two Pfund telesopes, eah mounted in a standard semitrailer. Here the

interferometer is shown on a 32m baseline. The 2m steerable at mirrors an be seen

in this view. In the upper right of the photograph is the 100 inh telesope dome,

where Mihelson and Pease arried out the �rst suessful measurement of the angular

diameter of a star, and in the upper left is the building where a subsequent attempt at

interferometry with longer baselines was made (x2.1).

3.1 Optial System

Eah telesope has two large mirrors, a at mirror, 2m in diameter, on a steerable

mount, and a paraboloid, 1.65m in diameter, mounted vertially (Fig. 3.2). During

operation of the telesope, the at mirror traks a star, redireting the starlight to

the paraboloid. The paraboloid brings the light to a fous through a hole in the at

mirror. The beam then ontinues on into a Shwarzshild optial system, as shown

in Fig. 3.3. This ombination of two front-surfae spherial mirrors ollimates the

beam with minimal aberration and without the use of transmissive optis. One past



36

������

������

������

������

������

������

������

������

������

������

������

������

������

������

������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

�����������

���������������������

���������������������

1 Meter

paraboloidal mirror
starlight  

A

B

C
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Figure 3.2: ISI telesope trailer. Starlight inident on the steerable at mirror (right) is

foused by the paraboloid (mounted vertially at left) through a hole in the at. Behind

the at mirror (to the right) is the optis room, whih ontains the guider amera, beam

ombining optis, and heterodyne detetion system.

f=3:1 beam from paraboloid,

via hole in at mirror

onverging f=89 beam to

seondary fous and dihroi

tip-tilt

mirror

Figure 3.3: Shwarzshild optial system and telesope beam. The fous of the ISI

telesope primary mirror lies at the enter of the tip-tilt mirror.
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detetor

dewar

guider

amera

dewar

dihroi

beamsplitter

beamsplitter

turning

mirror

mirror

seondary

fous

f=89 beam from

Shwarzshild system

� = 11�m

� = 2:2�m

f=89

CO

2

laser beam

Figure 3.4: Dihroi beamsplitter, amera, and signal detetor. The f=89 starlight beam

from the Shwarzshild optial system (Fig. 3.3) onverges to a fous just before the

dihroi beamsplitter. The near-infrared light is sent to the guider amera, and the mid-

infrared light is ombined with the light from the loal osillator on the way to the signal

detetor dewar. The beam onvergene at the seondary fous is exaggerated for larity.

Positions and sizes of the various omponents shown in this shemati illustration an

be seen, drawn to sale, in Figs. 3.5 and 3.6.

the Shwarzshild optial system, the f=89 beam is brought to a seondary fous. A

few entimeters beyond the foal point, the beam is split into two parts by a dihroi

beamsplitter (Fig. 3.4). The mid-infrared radiation is sent to the fringe detetion system,

while the near-infrared light is sent into the guider amera. Figures 3.5 and 3.6 are

detailed drawings of the optis tables whih hold the guider ameras and detetion

systems. The tip-tilt mirrors are mounted on extensions attahed to the tapered ends

of the tables.



38

T
el

es
co

p
e 

1
 O

p
ti

cs
 T

ab
le

S
la

v
e

Figure 3.5: Telesope 1 optis table. If the diagram is viewed with the tapered setion

of the table at the left, the old load, signal detetion, and phase lok dewars an be

seen on the upper edge of the table. The guider amera is next to the old load dewar.

Light enters through the Shwarzshild optis at the tapered end of the table.



39

T
el

es
co

p
e 

2
 O

p
ti

cs
 T

ab
le

M
as

te
r

Figure 3.6: Telesope 2 optis table. The path length strether is labeled S7 and has

a zigzag light path passing through its two parallel at mirrors. The CO

2

laser loal

osillator (not shown) is aÆxed to the bottom of the table, and the beam is brought up

through a box on the upper right of the table as shown here.
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3.2 Fringe Detetion

3.2.1 Heterodyne Signal Detetion

The ISI uses a heterodyne (frequeny onversion) fringe detetion system, as is ommon

in radio interferometry. The idea of suh a system is that the stellar signal at eah

telesope is ombined with that from a \loal osillator" (LO) whose frequeny (about

30THz) lies at the enter of the region of interest in the star's spetrum. This ombina-

tion produes a signal whih is at muh lower frequeny (200MHz-3GHz), but preserves

the phase relationship between the starlight and the LO. The resulting intermediate fre-

queny (IF) signal an be deteted and ampli�ed, with very little loss in signal-to-noise

ratio, using standard mirowave eletronis. A very extensive disussion of heterodyne

detetion as it pertains to stellar interferometry an be found in Interferometry and

Synthesis in Radio Astronomy [89℄.

In the ase of the ISI, the LO is a CO

2

laser. This laser an be run on a

variety of spetral lines in the 9{12 �m range, and an use di�erent isotopes of C and

O. During the ourse of the researh desribed in this dissertation, the laser was run

on the P(20) line of

13

C

16

O

2

at 11.15 �m. The laser beam is foused through a pinhole

whih is plaed the same optial path distane from the detetor as the seondary fous

of the starlight (the seondary fous ours after the Shwarzshild optial system at

the point (Fig. 3.4) where the f=89 beam shown in Fig. 3.3 onverges). This plaement

provides an LO wavefront whih mathes that of the stellar signal.

The ombined signal has two omponents, one whose irradiane varies at the

sum frequeny (stellar signal frequeny plus laser frequeny), and another whose irra-

diane varies at the di�erene frequeny. Spei�ally, if we express the eletri �elds of

the LO and a omponent of the starlight as follows,

E

LO

= E

LO

os(!

LO

t+ �

LO

)

E

s

= E

s

os(!

s

t+ �

s

)

then the heterodyne signal

E

het

= E

s

+E

LO

= E

s

os(!

s

t+ �

s

) +E

LO

os(!

LO

t+ �

LO

): (3.1)
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In this representation, E

s

is the starlight of a single frequeny !

s

originating from

one unresolved point in the soure.

1

It will be shown later in this hapter that an

eletrial fringe signal, analogous to the individual point fringe patterns in Fig. 2.2, will

be produed in a heterodyne interferometer by eah point in the soure. It will also

be shown that all frequeny omponents originating from one point on the star will

produe a fringe signal with the same phase.

2

The irradiane resulting from E

het

in

(3.1) is proportional to the time average of the square of the ombined eletri �elds:

I

het

/

D

E

2

het

E

=

D

�

E

s

os(!

s

t+ �

s

) +E
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t+ �
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E

=
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E
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s
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2

(!

s

t+ �

s

) +E
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2
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LO
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LO

) +

2E

s

E

LO

os(!

s

t+ �

s

) os(!

LO

t+ �

LO

)

E

=

E

2

s

2

+

E

2

LO

2

+ 2E

s

E

LO

D

os(!

s

t+ �

s

) os(!

LO

t+ �

LO

)

E

(3.2)

where we have used the fat that




os

2

(!t+ �)

�

=

1

2

The �rst two terms on the right hand side of the �nal form of (3.2) are onstant, while

the third term ontains the phase and frequeny information. This third term an be

further simpli�ed. Adding the following identities:

os(a) os(b)� sin(a) sin(b) = os(a+ b)

os(a) os(b) + sin(a) sin(b) = os(a� b)

we get

2 os(a) os(b) = os(a+ b) + os(a� b): (3.3)

1

In order to keep the notation reasonably simple in this setion, \p" subsripts have been omitted

from quantities suh as E

s

and �

s

. The reader who wishes to ompare the following analysis of ISI

signals with the disussion in x2.2.3 should remember that all soure signals used here are omponents

from a single point in the brightness distribution B(�; �).

2

This is stritly true only to the extent that the frational bandwidth ��=� is small enough that

the hange in fringe phase produed by �� is equal to that whih would be produed by a negligible

hange in the position of the soure point. For the ISI, ��=� � 2� 10

4

. Sine for small angles, the sky

position angle � / � for a given fringe phase hange (see Fig. 2.2 and aompanying disussion), the

frational hange in � is the same as the frational hange in �. This hange in � is negligible ompared

with the interferometer resolution, even for the largest possible �, whih is the edge of the telesope

beam at about 2.5

00

. A muh larger e�et is due to the �nite size of the telesopes (x2.2.3).
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If we equate

a � !

s

t+ �

s

b � !

LO

t+ �

LO

and use (3.3), we �nd that the osillatory term from (3.2),
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and �nally, the irradiane an be expressed as follows:
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(3.4)

The time average used in this lassial desription of the irradiane is taken over a period

whih is long ompared with one optial yle (Born & Wolf [14℄), but short ompared

with the response time of the detetor. The response time of the detetor is half the

inverse of its bandwidth (Kingston [48℄).

The ombined signal is direted onto a HgCdTe detetor (Bester et al. [6℄),

whih has a bandwidth of about 3GHz and produes a signal urrent I

sig

proportional

to the irradiane I

het

. During operation, all infrared detetors in the ISI system are

ooled to 77K using liquid nitrogen. Sine the last term in (3.4) osillates at an angular

frequeny !

s

+ !

LO

, whih well exeeds the detetor bandwidth for any detetable fre-

queny omponent of the stellar radiation, this term does not ontribute to the signal

urrent. In a �eld-theoretial treatment of photomixing (Teih [88℄), the sum frequeny

term does not appear. The third term in (3.4), however, will result in an osillat-

ing omponent to I

sig

, so long as j!

s

� !

LO

j=2� is less than the 3GHz bandwidth of

the detetor. This term in the signal urrent ontains the phase information from the

starlight. The ampli�er hain following the signal detetor in an ISI telesope rejets

the DC omponents of I

sig

, so in the end, the signal urrent

I

sig

/ E

s

E

LO

os

�

(!

s

� !

LO

)t+ �

s

� �

LO

�

(3.5)
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The ISI uses dual-sideband detetion, by whih it is meant that radiation

within 3GHz above and below !

LO

will ontribute to I

sig

.

3

These sidebands should not

be onfused with the sum and di�erene frequenies resulting from the photomixing.

3.2.2 Phase Loking

Eah telesope produes a signal of the form shown in (3.5). Sine we are ultimately

interested in the relative phase of the starlight reeived at the two telesopes, we need

to arrange a �xed phase relationship between the two loal osillators. We an then

ombine the signal urrents to produe interferene fringes and measure the fringe visi-

bility.

Phase loking of the LOs is aomplished with an elaborate feedbak system

whih monitors the relative phase of the LOs and adjusts the frequeny of one of the

lasers using a piezoeletri atuator whih an hange the length of the laser avity. A

blok diagram of the detetion system is shown in Fig. 3.7. The laser in one of the

telesopes (pitured on the right in Fig. 3.7) is free-running, exept for a feedbak loop

whih adjusts the avity length to produe the maximum possible power. A part of the

beam from this laser (the \master laser") is sent over to the other telesope, where it is

ombined with part of the beam from the other laser (the \slave"). The ombined signal

is deteted in a fashion similar to the detetion of the starlight desribed in x3.2.1. The

detetion of this beating produes a signal (the phase-lok signal) whih ontains the

relative phase information.

Sine the objetive is to maintain a �xed phase relationship between the LOs

at their respetive detetors, we must also orret for the phase shift of the master

laser beam as it travels over to the other telesope. This is aomplished by sending

part of the transfer beam bak to the telesope whih houses the master laser. The

returned beam is then mixed with the master beam to produe a signal whih indiates

the phase shift experiened by the transfer beam during its round trip between the

telesopes. Using this signal, a seond feedbak system (the path length ompensator)

adjusts the path length strether, a pair of parallel mirrors through whih the transfer

beam travels. The strether an be seen in the upper right of Fig. 3.7 and in Fig. 3.6.

The strether adjustment is arried out ontinually in order to maintain a �xed optial

3

The sign of !

s

�!

LO

is not important in (3.5), sine this will merely a�et the phase of the resulting

I

sig

. In the ase where �

s

= �

LO

, there would be no di�erene, sine osine is an even funtion.
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path length, and hene a �xed phase shift, for the transfer beam as it travels between

the telesopes. One the transfer beam phase shift is �xed, the phase-lok system is

able to maintain a onstant relationship between the LO phases at the heterodyne signal

detetors.

The piezoeletri atuator in the slave laser is adjusted by the phase-lok sys-

tem so that a known frequeny separation and �xed phase shift is maintained between

the two LOs. The frequeny separation is 1MHz, plus a small orretion to be disussed

in x3.2.3. The 1MHz o�set, whih allows for simpler and more aurate detetion of the

phase di�erene between the LOs, is later removed from the fringe signal by a single-

sideband demodulator. We an thus treat !

LO

as being the same in both telesopes.

3.2.3 Signal Combination

During observations, eah telesope provides an eletri signal of the form given in (3.5):

I

1

= A

1

os

�

(!

s

� !

LO

)t+ �

1

� �

LO

�

I

2

= A

2

os

�

(!

s

� !

LO

)t+ �

2

� �

LO

�

(3.6)

where A

1

and A

2

inorporate the (di�erent) star and LO signal amplitudes (E

s

E

LO

)

from eah telesope, as well as a proportionality onstant to aount for the detetor

and ampli�er responses in that telesope. Before these two signals are ombined in

the orrelator to produe the interferene fringes, the signal from the telesope whih

houses the orrelator is passed through a delay line, as disussed in x2.2. The ISI delay

line onsists of a bank of able segments of di�ering lengths. The real-time omputer

system alulates the geometri delay based on the position of the star, and swithes in

the appropriate length of able to equalize the path lengths for the two signals.

At this stage, eah signal is split into two parts, as shown in Fig. 3.8. One

part is sent through a non-linear iruit element, whih produes an output propor-

tional to A

2

1

or A

2

2

. The other part is sent to the orrelator, whih produes an output

proportional to I

1

I

2

.

Infrared Power Detetion

The �rst part of eah signal is used as the input to a lok-in ampli�er, whih is referened

to the signal from a hopper positioned in the telesope beam. The output of the lok-in



46

Correlator

Lok-in 1

Lok-in 2

Chopper 1

Chopper 2

I

1

= A

1

os

�

(!

s

� !

LO

)t+ �

1

� �

LO

�

I

2

= A

2

os

�

(!

s

� !

LO

)t+ �

2

� �

LO

�

A

1

/ E

s

E

LO

A

2

/ E

s

E

LO

IR

1

/ A

2

1

IR

2

/ A

2

2

Fringe Signal F/ I

1

I

2

SLE

SLE

Figure 3.8: Correlator signal path. The boxes labeled \SLE" represent square-law

elements, whih produe an output voltage proportional to the square of the input

voltage.

ampli�er is proportional to the infrared power (the time-averaged square of the eletri

�eld amplitude) seen by the detetor. During observations, the interferometer swithes

between two modes. In hopping mode, the hoppers run, and every 15 seonds, the

telesope alternates between the star and two o�-soure positions 5

00

away from the star.

When the hoppers, whih are highly reetive, are in the beam, the signal detetors

see a old load, whih is a ombination of 77K and room temperature blak plates (the

view is ombined with a partially reeting window on the old load dewar) designed

to approximate the radiation pro�le of a old sky. Using the lok-in ampli�er outputs

(IR

1

and IR

2

) from the on-soure and o�-soure positions, we an alulate the infrared

power reeived from the star by the detetor.

Fringe Signal Detetion

When the telesope is in non-hopping mode, the hoppers are turned o�, and the

position swithing is halted. This allows the telesopes to stare at the soure and

ollet fringe data. For the brightest soures, fringe data olleted in hopping mode

an be used, but for most soures, the hopped fringe signal is too noisy to provide

aurate visibility measurements.

The seond part of eah split signal is sent into the orrelator (Fig. 3.8). The

orrelator ontains iruitry whih produes a signal proportional to the produt of
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the signals from the individual telesopes. From the input signals given in (3.6), the

orrelator will produe a fringe signal of the following form:

F / I

1

I

2

= A

1

A

2

os

�

(!

s

� !

LO

)t+ �

1

� �

LO

�

os

�

(!

s

� !

LO

)t+ �

2

� �

LO

�

: (3.7)

Using the identity given in (3.3), we have

os

�

(!

s

� !

LO

)t+ �

1

� �

LO

�

os

�

(!

s

� !

LO

)t+ �

2

� �

LO

�

=

1

2

os

�

2(!

s

� !

LO

)t+ �

1

+ �

2

� 2�

LO

�

+

1

2

os(�

1

� �

2

): (3.8)

If we reall that !

s

is a representative frequeny omponent from the starlight, we an see

that the �rst term on the right hand side of (3.8) will ontain frequenies throughout the

bandwidth of the detetion and ampli�ation system when the fringe signal is summed

over all values of !

s

. This broad-band omponent of the signal is rejeted by �lters in

the orrelator eletronis at the stage when the fringe signal is demodulated from the

1MHz phase-lok o�set (x3.2.2). At the output of the orrelator, we are left with the

following fringe signal:

F / A

1

A

2

os(�

1

� �

2

) (3.9)

The fringe signal ontains the desired information about the phase relationship between

the starlight at telesope 1 and that at telesope 2, and is independent of !

s

.

If the star were stationary with respet to the two telesopes, the fringe signal

would be a DC level determined by the phase di�erene �

1

� �

2

. This DC level would

be diretly analogous to the fringe intensity level produed by one of the omponent

point soures at the enter of symmetry of the two-slit experiment shown in Fig. 2.2.

Sine the Earth is rotating, however, an interferometer will see a onstant shifting of

the fringe phase. This is known as the natural fringe frequeny (x2.2.2). It is very

desirable from an instrumentation point of view to have the fringe signal emerge from

the orrelator at a onstant frequeny, instead of whatever the natural fringe frequeny

happens to be for the soure position of the moment. This is arranged in the ISI by a

devie known as the \lobe rotator," whih produes a small frequeny o�set, in addition

to the 1MHz phase-lok o�set, on the slave laser (disussed in x3.2.2). The lobe rotator

is ontrolled by the real-time omputer system, whih determines the proper frequeny
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o�set for the urrent soure position and delay line setting. The ISI fringe signal is held

at 100Hz. Eah point omponent of the soure therefore ontributes a fringe signal at

100 Hz, the phase of whih is determined by the value of os(�

1

� �

2

) orresponding to

the loation of the point in the soure (see Fig. 2.2). The output signal, whih is the

sum of all the omponents, will have an amplitude (from whih the visibility is derived)

determined by the brightness distribution and shape of the soure.

3.2.4 Data Aquisition and Storage

The ISI, alternating between hopping and non-hopping modes, provides three signals

from whih the fringe visibility measurements are eventually obtained: IR

1

, IR

2

, and

F. These signals are digitized and stored by one of the real-time omputers (vme0) for

analysis, whih typially takes plae at a later date. The signals are reorded and passed

on to vme0 by an analog-to-digital onverter, whih samples the F signal at 500Hz, and

the IR

1

and IR

2

signals at 100 Hz. vme0 adds an o�set to the IR

1

and IR

2

signals in

order to indiate whih mode the ISI was in (hopping or non-hopping, and if hopping,

on-soure or o�-soure) when the data were taken. The three signals are then stored on

a hard disk whih is attahed to the system ontrol workstation (isi10). Computation

of the fringe visibility values will be disussed in hapter 4.

3.3 Telesope Control

The various funtions of the ISI are oordinated by a set of interonneted omputers,

as shown in Fig. 3.9. During observations, the operator ontrols the interferometer

using a set of programs whih run on a UNIX workstation. Typially, this is isi10, but

any one of the workstations (all with names beginning in \isi"|see Fig. 3.9) an be

used. The workstation ommuniates over the loal-area network (Ethernet) with the

real-time omputers (names beginning with \vme") and the guider PCs (isiam1 and

isiam2).

The real time system onsists of three single-board (Motorola MVME-147)

omputers whih run the VxWorks operating system. This operating system is designed

to have very low dispath lateny, but is still able to run a number of tasks onurrently.

These omputers are responsible for tasks whih require synhronization with external

events, suh as star traking, data olletion, and ontrol of the delay line. vme0 is
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have idential ounterparts in trailer 2. See the text for a desription of the various

omputers and their funtions.
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100 �m

(5.3

00

on the sky)

Figure 3.10: ISI signal detetor with � = 11.15 �m beam. The detetor is a square,

approximately 100�m on a side, orresponding to 5.3

00

in the telesope �eld of view.

The beam shown here, with the Airy dis and most of the �rst di�ration ring on the

detetor, would result from a point soure at the enter of the �eld.

responsible for entral funtions, suh as delay line ontrol and data aquisition, while

vme1 and vme2 eah ontrol telesope-spei� funtions. All three real-time omputers

run a ustomized star-traking software system (Bester [10℄). This system, whih had

to be written spei�ally for the ISI Pfund telesopes, is apable, when the telesope

positions are properly alibrated, of pointing the telesopes to within about 15

00

of

the desired position. Various routines within this software pakage ompute quantities

neessary for interferometry, suh as the lobe rotation frequeny, e�etive baseline, and

other required parameters. vme1 and vme2 ommuniate over serial data lines with the

servo miroproessors, whih are speialized omputers that drive the telesope motors

and read the position enoders. The real time omputers are synhronized to the time

signal on radio station WWVB from the National Institute of Standards and Tehnology

in Fort Collins, Colorado.

3.4 Telesope Guiding and Tip-Tilt Corretion

In eah ISI telesope, the heterodyne signal resulting from the ombination of starlight

with the CO

2

laser beam is foused onto a detetor, as shown in Fig. 3.10. The beams in

both telesopes must be on the signal detetors simultaneously in order for the interfer-
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ometer to detet fringes. Deviations in the beam position orresponding to as little as

1

00

on the sky an result in a signi�ant loss of fringe signal. In addition, some struture,

suh as that in the dust shells around evolved stars, is present more than 1

00

from the

enter of the �eld of view, and is therefore imaged onto the edge of the detetor. Infor-

mation about this struture will be lost if the beam does not remain entered. There

are two major obstales whih must be overome in order to keep the telesope beams

entered. Small errors in the telesope star traking our over the ourse of a few se-

onds, while on a time sale ranging from tens to hundreds of milliseonds, atmospheri

distortion of the wavefront from the soure displaes the beam.

When the ISI was �rst built, guiding of the telesopes was arried out with

a manual ontrol, used by the operator to send orretions to the telesope servo sys-

tem. The �rst autoguiding system used an inexpensive surveillane amera, whih was

later replaed with an astronomial grade silion CCD-based amera. For soures with

adequate visible ux, this system was able to orret errors in the telesope guiding,

but the maximum frame rate of 10Hz was not suÆient for fully orreting atmospheri

utuations. In addition, the need for high ux in the visible presented a problem. The

ISI is used to observe soures with substantial mid-infrared ux, and objets with high

ux in this wavelength range tend to be surrounded by dust, whih redues the amount

of visible radiation available to the guider amera. Table 3.1 gives photon uxes from

some typial ISI targets.

The CCD-based guiding system, in order to funtion e�etively, had to aquire

at least one frame per seond with an adequate signal to noise ratio for the ontrol

omputer to determine a star position. This ondition resulted in a lower ux limit,

after various losses in the optial system, soures of noise, and spreading of the star

image on the CCD were taken into aount, of about 5�10

7

photons per seond inident

on the primary mirror. This prevented the ISI from observing a number of interesting

soures.

A signi�ant gain in photon ux is available in the near-infrared, hene the new

ISI guiding system is based on an InSb array detetor whih is sensitive to infrared light

of between 1 and 5�m wavelength. This amera allows the guiding system to follow

the dim stars whih were previously inaessible, and for the brighter stars (in the

2.2�m K band), it allows short enough exposures to do tip-tilt orretion. As shown in

Fig. 3.11, the atmospheri index of refration [93℄ does not hange signi�antly between
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Table 3.1: Photon uxes [32℄ from a sample of ISI observing targets. Values shown for

variable stars are averages. V band is entered at 0.55 �m, and K band is entered at

2.2�m.

Soure V band ux K band ux

Photons per seond

into ISI telesope � 10

6

� Boo 21,000 72,000

� Tau 9,600 60,000

� So 8,300 160,000

� Ori 8,300 150,000

� Her 1,100 110,000

o Cet 80 72,000

R Leo 13 50,000

IRC+10420 8 290

IRC+10011 5 720

IRC +10216 0.3 1,100

IK Tau 0.1 12,000

0.000270

0.000272

0.000274

0.000276

0.000278

0.000280

0.000282

0.000284

0.000286

0.000288

0.000290
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Figure 3.11: Atmospheri index of refration in the visible and infrared.
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Table 3.2: Amber AE4128 amera harateristis. Read noise and dark urrent values

refer to individual pixels.

Array size: 128 � 128 pixels

Array area: 6.4 � 6.4mm = 41.0 mm

2

Detetor size: 43 � 43�m

Detetor pith: 50�m

Detetor apaitane: 0.70 pF

Detetor storage apaity: 3�10

7

harges

Detetor quantum eÆieny: � 75%

Read noise: about 600 e

�

per pixel

Dark urrent: 4�10

7

e

�

per seond at 77K

1�10

5

e

�

per seond at 55K

Array power dissipation: � 29mW

2 and 11�m, so orretion of wavefront tilt in the near-infrared should also stabilize the

mid-infrared signal.

3.4.1 Guiding System Hardware

Guider Cameras

The ISI uses two Amber Engineering (now Raytheon) AE4128 InSb ameras. Some

harateristis of the ameras are shown in Table 3.2. These ameras represent a om-

promise between ost and onveniene on one hand, and performane on the other. The

AE4128 was designed for industrial inspetion and military purposes. In these appli-

ations, bakground noise levels are not nearly as ritial as they are for astronomial

work, and hene the read noise and dark urrent exhibited by these ameras exeeds

that whih one �nds in astronomial-grade ameras. A good InSb-based astronomial

amera might have a read noise of a few tens of eletrons, and a dark urrent whih is

negligible.

The Amber ameras, despite having some non-ideal harateristis, were the

best seletion for the ISI. The �rst onsideration was ost. The AE4128 is an o�-

the-shelf produt, and did not have to be ustom manufatured. Seondly, the foal

plane arrays in the ameras an run at rates up to 1000 frames per seond, and the

inluded eletronis support rates up to 217 frames per seond, whih is more than

adequate to ompensate for atmospheri utuations in the near-infrared. Finally, the
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Figure 3.12: 290K blakbody distribution. This urve illustrates the rapidly inreasing

thermal bakground over the wavelength range of the InSb guider ameras.

AE4128 omes as a omplete pakage with a omputerized readout system. This allowed

development e�ort to be onentrated on the guiding system ontrol software, and saved

at least half a year whih would have been spent on the design and onstrution of

suitable interfae eletronis.

The InSb foal plane array is sensitive to radiation with wavelength � between

1 and 5�m. As was shown in Table 3.1, most of the soures of interest get markedly

brighter with inreasing wavelength. By the time � reahes 11�m, these are the bright-

est objets in the northern sky. If we onsider this fat alone, it would seem best to

use the entire range of sensitivity of the detetor in order to maximize the olleted

radiation from the soures. There is another onern, however, as pitured in Fig. 3.12.

The thermal bakground from the instrument and its surroundings (at 290K, a typial

environmental temperature) rises very steeply between � = 1�m and � = 5�m. A

third important fator is that the atmosphere has various absorption bands sattered

throughout this wavelength range (Allen [1℄ and referenes therein). In order to maxi-

mize the stellar signal with respet to the bakground, a old �lter is used in the guider
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near-IR f=89 beam

from turning mirror

lens holder

silion lens

dewar

window

foal

plane

array

old stop

old

K band

�lter

liquid N

2

81.6mm

Figure 3.13: Guider amera optial system. The foal plane array and all optial om-

ponents and distanes are shown to sale. The f=89 beam from the turning mirror

(Fig. 3.4) is foused by a silion lens, through the dewar window and K band (2.0{

2.4�m) �lter, onto the foal plane array. The old stop limits the amera foal ratio to

f=1:95. The relatively large lens is required for the �eld of view, whih is 39.8�39.8

00

on the sky.

ameras. This �lter has a passband entered at � = 2:2�m, with half-power points at

2.0 and 2.4�m, orresponding to an atmospheri transmission window known as the

\K band."

The guider amera optial system is shown in Fig. 3.13, and the nominal

spei�ations are given in Table 3.3. Near-infrared light from the seondary fous

of the telesope, whih has been transmitted through the dihroi beamsplitter and

reeted by the turning mirror (Fig. 3.4), is reimaged on the amera foal plane by a

ustom-designed lens. The lens, whih is made of silion, is a menisus design, with radii

of urvature hosen to minimize spherial aberration and oma in this partiular optial

on�guration. The spei�ations are listed in Table 3.3, and a spot diagram is shown

in Fig. 3.14. As is evident from the spot diagram, the lens provides di�ration-limited

image quality at the enter of the �eld. At the very edge of the �eld (20

00

o� axis), the

spot size (long axis) from aberrations is 180 �m. This distane on the foal plane is

1.7 times the diameter of the ISI telesope Airy disk at 2.2�m. The edge of the �eld
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Table 3.3: Guider amera optial system spei�ations.

Objet distane: 359.3mm.

Image distane: 81.6mm.

Magni�ation: 0.227 =

1

4:40

.

Plate sale at foal plane: 160.9 �m/arse = 0.31

00

/pixel.

Field of view: 39.8� 39.8 arse.

Foal ratio: f=1:95.

Distane from front of amera window to lens: 52.6mm.

Distane from lens to turning mirror: 143.4mm.

Lens Parameters

E�etive foal length: 66.5mm.

Radii of urvature: R

1

= +91.0mm

R

2

= +198.0mm.

Center thikness: 5.0mm.

Diameter: 50.8mm.

Lens holder lear aperture: 46.0mm.

Material: Silion; n = 3:45 at � = 2:2�m.

is not used one the star has been loated and loked in by the guiding system. Sine

the index of refration of silion is 3.45, the lens has been anti-reetion oated. The

oating provides a transmission of more than 95% per surfae over the K band (when

the lens is lean).

The foal ratio of the amera, whih determines the amount of thermal bak-

ground radiation reeived, is limited to f=1:95 by a old stop in the dewar (Fig. 3.13).

A muh smaller stop ould have been used, exept that the relatively large �eld of view

is neessary for loating a star.

The amera detetor onsists of an array of photodiodes on an InSb substrate,

eah bonded to the silion readout eletronis with a small bump of Indium. A pixel in

the array has a orresponding apaitor in the readout whih stores the harge produed

by the photodiode. During observations, the voltages on the individual apaitors are

read out in turn, passed through a preampli�er (also known as the transimpedane

ampli�er, or TIA), and multiplexed onto one of two output lines. The gain and o�set

of the preampli�er are adjusted so that the output varies between �5 and 0V.

The ampli�ation and multiplexing take plae in a small box whih is attahed

to the amera dewar. The two outputs from this box are sent to the amera ontroller,
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Center of Field

10" off axis

20" off axis

100 microns

2 pixels

Figure 3.14: Spot diagram for the silion guider lens. Shown here are the results of a

omputer raytrae of the guider lens. The size of individual amera pixels is indiated

in the sale at the lower right. By omparison, the diameter of the 2.2�m Airy disk

from an ISI telesope is 0.67

00

, whih orresponds to 108�m at the amera foal plane.

where the signals are digitized at a resolution of 12 bits (values between 0 and 4095,

orresponding to inputs between �5 and 0V). A digital gain and o�set are applied

to the raw pixel values by the ontroller, and the new values are sent to the video

monitor and via fast parallel data lines to an interfae ard in the guider PC. The

image is periodially transferred from the interfae ard into the guider PC memory for

proessing. A blok diagram of the amera and guiding system is shown in �gure 3.15.

Operating parameters for the ontroller, preampli�er, and amera are set by the guider

PC, whih sends ommands to the ontroller omputer over an RS-232 serial line.
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data ontrol

Figure 3.15: Guiding system on�guration.

Tip-Tilt Atuator

Corretion of the atmospherially-indued wavefront tilt of inoming starlight is aom-

plished by rapidly adjusting a small mirror whih is mounted on a piezoeletri stage.

The tip-tilt mirror is the smaller of the two Shwarzshild mirrors shown in Fig. 3.3.

Figure 3.16 shows an enlarged view of the tip-tilt atuator. The atuator was manufa-

tured by Physik Instrumente (model S-315.10, in whih was drilled a small onial bore

to aommodate the beam). The tip-tilt mirror is fastened to a thin, pivoting platform

(not shown in the �gure) at the front end of the atuator. This platform is attahed to

three piezoeletri staks, eah with a 12�m throw, positioned in an equilateral triangle.

The spaing of the staks and its plaement in the optial system give the tip-tilt mirror

a range of positions on the sky as shown in Fig. 3.17. In all but the very worst seeing

onditions at Mt. Wilson observatory, the range of the tip-tilt mirror has been suÆient

to orret for the atmospheri utuations. The remaining nights, during whih the star
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f=3:1 beam

tip-tilt

mirror

0

1 2

piezoeletri stak

10.4 mm

12.0 mm

Figure 3.16: Tip-tilt atuator side and front views. Both views are drawn to the same

sale. Eah stak has a throw of 12�m along the optial axis.

image diameters vary from 5{10

00

, do not allow the aquisition of useful fringe visibility

data.

In order for it to e�et a pure hange in the tilt of the starlight without

introduing any transverse o�set for light from o�-axis points, the tip-tilt mirror should

be loated at a pupil (Pedrotti & Pedrotti [76℄) of the optial system. For a telesope,

this is where an image of the primary mirror (the \entrane pupil") is formed. Sine

the tip-tilt mirror was added to the existing ISI optial system, a ompromise had to be

made in the mirror plaement. There is a virtual pupil loated approximately 30mm

behind the front surfae of the tip-tilt mirror (toward the paraboloid). If the wavefront

from a point 1

00

from the enter of the �eld of view on the sky is adjusted so that it is

parallel to the optial axis, the 30mm pupil o�set will result in an image displaement

on the guider amera foal plane of about 5.4�m. Sine the pixels in the guider amera

are 43�m aross, this displaement is negligible for any point in the ISI beam (Fig. 3.10).

During operation of the tip-tilt system, the position of the mirror is ontrolled

by the guider PC. The PC ontains a digital-to-analog onverter (DAC) whih produes
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x

y

2:45

00

2:12

00

2:83

00

z unonstrained z �xed

Figure 3.17: Tip-tilt range on the sky. The axis markings are spaed at 1

00

. The outer

hexagon enloses the region whih is aessible if the mirror is unonstrained in the

diretion (z) along the optial axis. If the enter of the mirror is �xed in position, the

star an be moved anywhere within the inner hexagon. The entral irle is the region

in whih all diretions are available with z �xed, and is the range over whih the tip-tilt

system an move to orret the apparent position of the star.

an output between 0 and 10V on eah of three hannels. The voltage from eah hannel

is ampli�ed by a fator of 10 and plaed aross one of the piezoeletri staks in the tip-

tilt atuator. The bandwidth of the ampli�ers (500Hz) and the mehanial resonane

frequeny of the tip-tilt stage (about 2 kHz with the mirror) both far exeed what is

neessary to run the tip-tilt feedbak loop at its maximum rate of 73Hz.

4

Tests of the

system have on�rmed that the omputer interfae, ampli�ers, and mirror an operate

beyond 100Hz with no loss of performane.

3.4.2 Guider Camera Sensitivity

During the operation of the guiding system, the guider PC reeives images from the

ameras in the form of 128�128 arrays of values whih range between 0 and 4095.

The value orresponding to eah pixel represents a ombination of the star's near-

infrared ux, the near-infrared bakground, and noise introdued in the detetion and

4

At a losed-loop rate of 73 Hz, a full image apture, error omputation, and mirror orretion yle

ours every 13.7 ms.
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ampli�ation proesses. Using these values, the PC must make a reliable determination

of whether or not there is a star in the �eld. If there is, the star's position must be

aurately determined. This is only possible if the fration of the pixel value representing

starlight is substantially greater than that representing noise.

Photon Noise

It is useful to make a quantitative omparison between the power reeived by the amera

from the stars and that reeived from various soures of noise. Stars are lassi�ed using

a system of magnitudes (Allen [1℄). A star's magnitude indiates how muh ux it

produes in a given wavelength range. The magnitude system is logarithmi, and is

de�ned suh that a 100-fold inrease in ux orresponds to a derease of 5 magnitudes.

0 magnitude in eah wavelength band is de�ned to orrespond to the power per unit area

and wavelength range delivered by the bright star Vega (� Lyrae). A spei� example

whih will onern us is the K band magnitude. A star with m

K

= 0 produes a ux

of 3:98� 10

�10

W�m

�2

��m

�1

just outside Earth's atmosphere. The transmission of the

lear atmosphere at K band is approximately 99% (Allen [1℄), so we will not onsider

this fator in the present analysis.

Using the ISI's olleting area of 2.14m

2

and the 0.4 �m-wide passband of

the guider amera old �lter, we �nd that a star with m

K

= 0 delivers a power of

3.4�10

�10

W into the ISI guider amera, not inluding losses in the optial system. At

2.2�m, this is equivalent to 3.8�10

9

photons per seond. On a typial night, this ux

would be spread by the seeing over about 50 pixels (orresponding to a irle with radius

1.24

00

). Using this approximation, we would expet about

7:5� 10

7

� photons�pixel

�1

�s

�1

from a star with m

K

= 0; (3.10)

where � is the transmission oeÆient of the optial train leading into the guider am-

era. Table 3.4 shows m

K

and the expeted photon ux per pixel for a few soures.

IRC+10420 is the dimmest soure on whih the ISI an reliably guide in its present

on�guration, and � Orionis is one of the brightest soures available.

The two soures of noise whih injet unwanted photons into the amera are

the sky bakground and the thermal bakground from the instrument and its surround-

ings. A study of the K band sky bakground was done at Mauna Kea by Wainsoat &
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Table 3.4: Expeted photons per pixel per seond from some ISI observing targets. �

is the transmission of the telesope optial train leading into the guider amera. These

values assume that the total ux from the star is spread evenly over 50 guider amera

pixels.

Soure m

K

photons

pixel�s

� Ori -3.8 2:5� 10

9

�

� Lyr 0 7:5� 10

7

�

IRC+10011 +2.0 1:2� 10

7

�

IRC+10420 +3.4 3:3� 10

6

�

Cowie [92℄, and they found the ux to be onsistently less than 14 mag/arse

2

. This

is equivalent to 26� photons�pixel

�1

�s

�1

, whih is ompletely negligible, even when one

aounts for the fat that the bakground at Mt. Wilson is probably worse than at

Mauna Kea. The thermal bakground turns out to be muh larger. The radiation

power inident on one pixel is (Kingston [48℄):

P

b

= �A


2h



2

Z

�

2

�

1

�

3

d�

(e

h�=kT

� 1)

; (3.11)

where � is the total emissivity of the optial system, A is the area of a pixel, 
 =

0:197 steradians, the solid angle of aeptane orresponding the the f=1:95 old stop

in the amera (x3.4.1), and �

1

and �

2

are the frequenies at the edges of the K band.

T , the bakground temperature, will be taken to be 290K. The integral in (3.11) is

neessary beause of the rapid rise of the 290K blakbody distribution over the K band.

Performing the integral, we have:

P

b

= �A


2h



2

�

e

a�

a

�

�

3

�

3

a

�

2

+

6

a

2

� �

6

a

3

�

�

�

�

�

�

�

2

�

1

;

where a � �h=kT . Using �

1

= 1:25 � 10

14

Hz and �

2

= 1:5� 10

14

Hz,

P

b

= 1:38 � 10

46

�A


2h



2

= 7:4� 10

�14

� W = 8:2 � 10

5

� photons�pixel

�1

�s

�1

: (3.12)

This onstant bakground level an be removed from the �nal signal, but we will still

be left with a noise utuation of

p

Nt photons, where N is the number of bakground

photons reeived per seond, and t is the integration time. With N = 8:2 � 10

5

from

(3.12), we �nd a noise utuation per pixel from the thermal bakground

N

therm

= 905

p

�t photons: (3.13)
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Table 3.5: Magnitude equivalents of the thermal bakground noise reeived by the

guider amera. The integration times shown are typial for the ISI guiding system.

These values were omputed using � = � = 0:5.

Integration Time (ms) m

K

3.7 8.9

7.5 9.3

116 10.7

813 11.8

Using (3.10), we an ompute the magnitude equivalent of N

therm

for a given integration

time. Some representative values are shown in Table 3.5. For these alulations, values

of � = � = 0:5 have been used, based on a measurement to be disussed later in this

setion.

As mentioned above, the dimmest star on whih the ISI has been able to

reliably guide is IRC+10420, at m

K

= 3:4. In order to have suÆiently fast response

for position swithing (x3.2.3), the guiding system must run the ameras at a frame rate

of 7Hz or more.

5

Beause of this, the longest usable integration time turns out to be

116ms. Sine the thermal bakground noise for a 116ms integration is equivalent to a

star of m

K

= 10:7, the system is obviously not limited by this soure of noise.

Eletrial Noise and System Response

The InSb detetors and readout system produe two forms of noise whih are indepen-

dent of the radiation impinging on the array. The �rst form is read noise, whih is a

utuation assoiated with reading out the voltage on eah pixel's integration apai-

tor. This utuation is equivalent to about 600 eletrons for a pixel in the ISI guider

ameras. The seond form of noise is assoiated with dark urrent. Dark urrent is

aused by thermal utuations whih produe eletron-hole pairs in the InSb detetors.

The dark urrent is thus highly dependent on temperature. The measured dark ur-

rent from the amera test data supplied by Amber is 4 � 10

7

eletrons per seond at

77K, and 1 � 10

5

eletrons per seond at 55K for eah pixel. Beause of the large

dark urrent at 77K (enough to exeed the storage apaity from Table 3.2 in less than

5

The ISI guider PCs run an operating system whih only allows one task to be performed at a time. If

an image is being aquired or the telesope is being moved, the position swithing requests are ignored.



64

1 seond), the ameras are operated slightly above 55K exept for observations of the

brightest soures. This is done by lowering the pressure in the amera's liquid nitrogen

ontainer until the nitrogen solidi�es. Errati behavior of the array readout at 55K

has prevented the use of the ameras at that temperature. As was the ase with the

thermal bakground, the dark urrent bakground an be subtrated out of the �nal

signal, but a utuation of

p

N

e

t eletrons will remain, where N

e

is the number of dark

urrent eletrons gathered in a pixel in one seond, and t is the integration time. The

InSb detetors in the Amber amera have a quantum eÆieny � � 0:75. This number,

whih is the ratio of photoeletrons produed to inident photons, an be used to make a

omparison between the soures of photon noise disussed earlier and the two soures of

eletrial noise. When this is done, assuming an integration time of 116ms, we �nd that

the read noise is equivalent to m

K

= 9:3, and the dark urrent utuation is equivalent

to m

K

= 11:5 at 55K.

The relationship between eletrons stored in the pixel apaitors and pream-

pli�er (also referred to as the transimpedane ampli�er, or TIA) output voltage is given

in the Amber amera manual [2℄. For a ux of N photons�pixel

�1

�s

�1

and an integration

time t, the preampli�er output voltage hange due to the reeived light is:

�V

out

=

�eNt

1:6C

g

TIA

; (3.14)

where � � 0:75 is the quantum eÆieny, e is the harge of an eletron, C = 7:0�10

�13

F

is the storage apaitane of the pixel, and g

TIA

is the preampli�er gain setting. This

voltage hange is relative to an o�set voltage at the preampli�er output. The o�set

voltage is adjustable, whih is neessary in order to plae it properly within the �5{0V

window of the analog-to-digital (ADC) onverter (x3.4.1). We use a g

TIA

setting of 2.57,

the highest gain for whih the output level an be o�set to orrespond to �5V when

the detetor is not illuminated. Substituting known values into (3.14), we have

�V

out

= 2:8 � 10

�7

Nt = 3:7� 10

�7

N

e

t; (3.15)

where N

e

= �N is the number of eletrons olleted per pixel per seond. The ADC

has a range of of 0{4095 data numbers (DN) orresponding to input from �5{0 V.

Thus if the preampli�er output voltage o�set is hosen suh that an unilluminated pixel

produes a preampli�er output of �5V, the amera ontrol omputer will read a value
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Figure 3.18: Image of � Orionis. The bakground level of the image was determined by

averaging a region far from the enter of the �eld, and is 802 data numbers (DN) per

pixel. The total ux from the star, whih does not depend on the seeing onditions,

is 2:05 � 10

5

DN. The integration time was 15ms. Image olor has been reversed for

larity.

of

2:8 � 10

�7

Nt V �

4095 DN

5 V

= 2:3� 10

�4

Nt DN (3.16)

for a given pixel.

Using the relation (3.16), we an determine the transmission � of the guider

optial system as follows. Figure 3.18 shows a guider amera image of the star � Orionis.

The total ux from the star in the image is 2:05 � 10

5

DN in 15ms. At m

K

= �3:84,

� Orionis has a ux 33.1 times that of a star with m

K

= 0. The total ux from an

m

K

= 0 star into the ISI guider amera is 3:8�10

9

� photons per seond, so for � Orionis,

the total number of photons reeived in 15ms is

33:1 � 3:8� 10

9

� � 0:015 = 1:9� 10

9

� photons:

From (3.16), we see that this orresponds to 4:3 � 10

5

� DN when we sum over all the

pixels in the array. Comparing this value with the ux measured in the image, we �nd

� = 0:48:

Other measurements taken on the same night show a variation of up to 10% in the

measured ux, presumably due to the method of determining the bakground level of
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Figure 3.19: Bakground measurements on the AE4128 amera. The large bakground

at 77K is dominated by dark urrent.

the image, whih was to average an area far from the enter of the �eld. This value

for � is reasonable, onsidering that the starlight enounters 11 optial surfaes on the

way to the InSb detetor. The equivalent average loss per surfae is about 6.5%. If we

assume that the losses are mostly due to absorption (the transmissive surfaes are all

anti-reetion oated), we an estimate that the emissivity � � 1� � � 0:5.

Figure 3.19 shows the results of a measurement of the preampli�er output

voltage for various integration times at 77K and just above

6

55K, at the point where

the behavior of the readout stabilizes. The bakground level at 77K is dominated by

dark urrent. A �t to the points taken near 55K shows an inrease in the bakground

level of 0.53 V/s. We an estimate the theoretial inrease in 55K bakground voltage

with integration time by adding the ontributions of the thermal radiation and the dark

6

This temperature has not been measured, but is thought to be between 55 and 60K based on

the large derease in dark urrent readings and time required to reah the optimal temperature as the

amera is ooled below 77K.
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urrent. From (3.12), we expet 8:2� 10

5

� photons�pixel

�1

�s

�1

of thermal bakground.

In this ase, it is appropriate to use � = 1, sine the blakened lens ap was on the amera

for these measurements. Using � = 0:75, we get a ontribution of 6:4 � 10

5

eletrons

per seond in eah pixel. The dark urrent is expeted to be 10

5

eletrons per seond,

so the total time-dependent bakground is 7:4� 10

5

eletrons per seond. Using (3.15),

we �nd an equivalent voltage rise of 0.27 V/s, whih is about half the observed value.

Two possible soures of this disrepany are the temperature of the array and

the temperature of the surroundings. The dark urrent grows exponentially with tem-

perature, and inreases by a fator of 400 between 55K and 77K. Therefore, it would

only be neessary for the array to be at 61K to produe the 8-fold inrease in dark

urrent required to explain the observed voltage. The K band thermal bakground ra-

diation would roughly double if the temperature of the surroundings inreased from 290

to 300K. Although it was probably not 300K in the telesope trailer on the evening of

2 May 1997 when the measurements were performed, it might have been 295. Unfortu-

nately this information was not reorded, but the resulting unertainty ould aount

for part of the observed bakground exess.

From the measured bakground, we an alulate the K band stellar magnitude

whih would yield a signal-to-noise ratio of 1. With a bakground of N

e

eletrons per

seond on one pixel, the noise utuation would be

p

N

e

t eletrons for an integration

of duration t. The bakground voltage inrease of 0.53V/s is equivalent to N

e

= 1:4 �

10

6

eletrons per seond on one pixel from (3.15), thus the noise utuation due to this

level is 1200

p

t eletrons. Sine the lens ap is obviously not used during observations,

this value must be adjusted. Reverting to � = 0:5, and assuming that half the total

bakground is due to thermal radiation, we get N

e

= 1:1 � 10

6

, and the utuation

beomes 1000

p

t eletrons. To this we add the read noise of 600 eletrons to get the

noise equivalent harge on a pixel

q

n

= 600 + 1000

p

t eletrons (3.17)

Noise equivalent K band magnitudes, alulated using (3.17), (3.10), � = 0:5, and

� = 0:75, for various values of t, are shown in Table 3.6
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Table 3.6: Magnitude equivalents of the total bakground noise reeived by the guider

amera.

Integration Time (ms) m

K

3.7 5.5

7.5 6.2

116 8.8

813 10.5

System Limitations and Possible Improvements

In order that tip-tilt orretions take plae at a rate fast enough to ompensate for

atmospheri utuations, the guiding system must be able to determine the position

of a star in the amera image using a relatively simple algorithm. Suh an algorithm,

despite its simpliity, must be able to reliably pik out the star from the bakground. It

turns out that the major obstale to this task does not ome from bakground noise, but

rather from \ikering pixels" and non-uniformity in the amera response. Flikering

pixels are those whih routinely exhibit noise greater than 10 times the mean for the rest

of the array. The ISI guider ameras have on the order of 10 suh bad pixels eah, whih

are not removed by the amera alibration proedure. Figures 3.20 and 3.21 illustrate a

typial image of a dim (m

K

= 3) star. The amera non-uniformity orretion,

7

whih

ompensates for slight di�erenes in the individual InSb detetors, begins to degrade

after a few hours of operation. This degradation an result in small pathes with higher

than average response, whih must be distinguished from the star image. Experiene

has shown that reliable guiding requires a signal-to-noise ratio (bakground noise) of

between 5 and 10.

If we use this requirement, and say that the ISI an guide on a star 2 mag-

nitudes (a fator of 6.3) brighter than the noise-equivalent magnitude (Table 3.6),

we would estimate that for an exposure of 116ms, the limiting magnitude should be

m

K

= 6:8. The atual limit for the ISI has been m

K

= 3:4. The ause of this problem

turns out to be the limited gain available with the preampli�er in the Amber system.

In the present on�guration, the image of an m

K

= 3:4 star on the foal plane array

7

This proedure, whih is desribed in the Amber amera manual [2℄, uses a uniformly illuminated

array image and a dark image to ompute orretion values for eah pixel in the array. These orretions

are then automatially applied by the amera ontrol omputer to the level of eah pixel before the data

are sent to the guider PC.
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Figure 3.20: Bakground-subtrated guider amera image of an m

K

= 3 star. The star

is at the enter of the �eld of view. This image illustrates the ikering pixels and

non-uniformity whih the guider an mistake for a star. Figure 3.21 shows a histogram

of the data from this image. Color has been reversed for larity. The integration time

was 138ms.
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Figure 3.21: Histogram of the image shown in Fig. 3.20. The bins from pixels in the

star image fall within the braes, exept for one pixel with a data number of 24. The

large pixel values not assoiated with the star are aused by ikering pixels.
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results in preampli�er output of about 0.05 V if the seeing is reasonably good. This

orresponds to a data number of 41, whih is a very small fration of the maximum

4095. Although this gain is usable over the entire range of stars whih the ISI observes,

muh of the image of a dim star an get lost in the noise, making the few remaining

bright pixels diÆult to distinguish from ikering pixels and non-uniformity.

If at some point in the future, the ameras are equipped with ampli�ers that

have higher gain and larger o�set range, it should be possible to have an inrease of

about 3 magnitudes in sensitivity. This would allow observations of a large number of

new soures, and would enable tip-tilt orretion on stars whih are now at the limit of

detetion for the system.

3.4.3 Guiding System Software

Well over half the time and e�ort required to build the ISI guiding and tip-tilt orretion

system was spent designing, writing, testing, and debugging the ode whih manages

the hardware devies desribed earlier in this hapter. The ontrol software for this

system onsists of two separate programs, the user interfae, whih runs on one of the

ontrol workstations, and the isiguide program, an idential opy of whih runs on

a personal omputer (the guider PC) in eah telesope. These programs ommuniate

with eah other and with the real-time omputers in order to operate the guiding system

in synhrony with the star traking and data olletion.

The User Interfae

A multithreaded program alled yguider

8

provides a graphial user interfae to the

guiding system funtions. This program runs on the ontrol workstation under Sun

Mirosystems's Solaris variant of the UNIX operating system. Beause it is multi-

threaded, yguider an arry out a number of tasks onurrently, suh as the delivery

of ommands to two separate omputers. The ontrol panel presented to the user is

shown in Figure 3.22.

The funtion of the yguider program is relatively simple. When the operator

presses one of the buttons on the ontrol panel, yguider sends a ommand or short

sequene of ommands (doumented in Appendix B) over the network to one or more

8

yguider is the suessor to the original version of the program, whih was alled xguider, sine it

ran under the X window system.
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Figure 3.22: The yguider interfae. The buttons and menu shown here allow the

telesope operator to ontrol the guiding and tip-tilt systems remotely. Status messages

and queued ommand ounts appear at the top of the ontrol panel.
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of the guider PCs. Many of the network ommands have keyboard equivalents whih

an be used at the guider PC onsole. Error messages and a ount of the ommands

queued for delivery to eah PC are shown in small windows at the top of the panel. The

arrow buttons allow the operator to move the star image on the guider amera sreen

(by moving the telesope) when the guiding is disabled.

The isiguide Program

The isiguide program runs on the guider PCs, whih are urrently 66MHz Intel 486-

based personal omputers. These omputers use the MS-DOS operating system, whih,

in ontrast with UNIX, is a single-tasking environment, where there is only one thread

of exeution running on the mahine at any one time. This limitation presents a number

of diÆulties, but the alternatives were prohibitively expensive at the time when the

system was being designed.

During the design of isiguide, are was taken to keep it as independent of the

rest of the ISI system as was possible. The program is atually unaware of whih tele-

sope it is ontrolling, and therefore the ode an be idential on both guider PCs. All

network ommuniation with isiguide takes plae over transient onnetions, whih

are losed after the message has been delivered. This allows the program to ontinue

running even if the other ISI omputers must be reset. In its present on�guration,

isiguide operates as a server, whih means that it reeives requests from other om-

puters, but does not all out on its own. Beause the guider PC operating system

is single-tasking, when a message omes in from the network, all other funtions of

the omputer are suspended until the message has been reeived. To maintain indepen-

dene, a strit 3 seond time limit is plaed on all network onnetions. This is normally

far more time than is neessary.

Within the onstraints imposed by the guiding system hardware and the ISI

telesopes, isiguide must arry out the following tasks:

� Control the amera. All ommuniation between the amera and any part of

the ISI system ultimately goes through isiguide. The appropriate frame rate,

integration time, and gain and o�set parameters for the soure under observation

are set by the operator using the yguider interfae. The guider amera image is

also made available through the isiguide network interfae.
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Figure 3.23: Guider amera �eld of view. The sreen is desribed by a oordinate system

with its origin at the upper left of the image (the axes pitured indiate diretion).

When in the guiding and tip-tilt loops, isiguide only aquires the outlined subframe,

and omputes a entroid about the assumed position of the star (the o�set shown here is

used for position swithing during bakground measurements). Pixels in the entroiding

box whih are outside of the subframe are ignored. The aim box an be made visible

on a video sreen whih is fed by the amera ontrol box (Fig. 3.15).

� Loate the star. When properly alibrated, the ISI traking system is usually able

to point aurately enough that the star falls somewhere within the 40

00

square

guider amera �eld of view (Fig. 3.23). The isiguide program must pik out the

star in the amera image and enter it by moving the telesope.

� Adjust the telesope. In addition to ompensating for small errors in star traking,

isiguide must move the telesope for the position swithing and beam mapping

proedures. During position swithing, whih is synhronized with data olletion

and ontrolled by the real-time omputers, the star is moved between the enter of

the �eld and an o�set position whih orresponds to a 5

00

motion in azimuth on the

sky. This allows a bakground subtration in the mid-infrared. Beam mapping,

whih is managed by the ontrol workstation, heks that the 11�m and 2.2�m

images are properly aligned relative to one another.

In order to properly ontrol the telesope, isiguidemust be able to determine the
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relationship between the sreen oordinate system and the altitude and azimuth

diretions on the sky. In addition, the program must know the transformation

between the telesope altitude and azimuth axes and the sky altitude and azimuth

axes. This transformation depends on the urrent star position, of whih isiguide

is unaware. The neessary information is periodially delivered, in the form of a

�eld rotation angle and a 4-element transformation matrix, to isiguide by the

real-time omputers, whih run the star traking alulations.

� Drive the tip-tilt mirror. The isiguide program is solely responsible for driving

the tip-tilt mirror in order to stabilize the star image at the enter of the amera

�eld of view.

Input and Output

The guider PCs have a number of input and output devies whih isiguide uses to

perform the tasks listed above (see Fig. 3.15):

� Camera ontrol serial line. The amera ontrol omputer provides a set of terse

ommands (doumented in the Amber amera manual [2℄) by whih it an be

managed. The isiguide program sends these ommands over an RS-232 serial

line to the ontrol box in order to adjust the frame rate, digital gain and o�set

oeÆients, integration time, and other operating parameters.

� Frame grabber ard. The guider PC ontains a fast interfae ard (Dipix P360F)

with its own on-board proessor and memory. This ard reeives digital image

data, at rates up to 4 million pixels per seond, on a parallel able from the

amera ontrol box. The data are stored in ard memory until isiguide requests

a transfer to the guider PC's own memory.

� Telesope servo interfae. Communiation between isiguide and the telesope

servo miroproessors takes plae through a ustom-designed devie whih uses

a miroontroller to simulate the output of a joystik. By sending ommands

over an RS-232 serial line to this interfae, isiguide an hange the altitude and

azimuth of the large at mirror in units of enoder ounts. The enoders, whih

keep trak of the position of the at mirror, read out in ounts whih orrespond
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to a small fration

9

of an arseond.

� Tip-tilt DAC. The tip-tilt mirror (x3.4.1) is ontrolled with a digital-to-analog

onverter (DAC). Three 12-bit (0{4095) numbers, sent by isiguide to the DAC,

determine the voltages (0{100 V) on the three piezoeletri staks in the tip-tilt

atuator (Fig. 3.16). To plae the star image at a position (�

x

; �

y

) on the sreen

(in arseonds, referened to the position with no mirror tilt), isiguide sends the

best integer approximations of the following ounts to the three DAC hannels:

DAC

0

= 2047:5 + 965:7 �

y

DAC

1

= 2047:5 � 836:1 �

x

� 481:2 �

y

DAC

2

= 2047:5 + 836:1 �

x

� 481:2 �

y

These equations onstrain the middle of the tip-tilt mirror to a position on the

optial axis, 6�m from either end of the range (12�m) of the piezoeletri staks.

� Loal area network. All ommuniation between isiguide, the real-time omput-

ers, and the ontrol workstation takes plae over a loal area network, whih uses

the Ethernet protool. The isiguide network interfae is disussed in detail in

Appendix B.

Modes of Operation

The isiguide program runs in one of the following modes, depending on the soure

under observation, whether the star is in the �eld of view, and what behavior is desired

by the operator.

� Disabled. In the disabled mode, isiguide aquires images, updates the display,

and responds to ommands from the network, inluding requests to move the

telesope and tip-tilt stage. It does not attempt to make any hanges on its own.

� Searhing. One the operator enables the searhing mode, isiguide goes into the

loop pitured in Fig. 3.24. The �rst step in the searh is to adjust the ontrast

9

This fration, whih is � 1/30 for altitude and 1/35 for azimuth, is determined aurately when

the telesopes are alibrated. This alibration proedure involves pointing at a large number of stars,

noting the positional errors, and �tting the free parameters whih determine the telesope position

(Bester [10℄). The real-time omputers (x3.3) deliver the neessary information to the guider PCs over

the network.



76

enable guiding

adjust ontrast

hek for star

star present?

adjust ontrast

try to enter star

hek for star

star entered?

enter guiding loop

no

yes

no

yes

Figure 3.24: Star searh ow hart. See the text for a desription of this proedure.
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by inreasing the digital gain applied by the amera ontrol omputer. This is

espeially neessary when swithing from a bright to a dim star, sine the gain

will have been set to a value whih would prevent the dim star from being seen.

Next, an image is aquired and isiguide heks for the presene of a star (the

algorithm is desribed below). If a suitable andidate is found, the ontrast is again

adjusted in order to prevent the saturation whih would be aused by a bright

target star. The telesope is then moved suh that the star, if real, will appear

at the enter of the sreen. If a entered star is deteted, isiguide hanges its

status to \loked," and enters the guiding loop. Otherwise, it resumes the searh.

If the star is not initially present on the guider amera sreen, the operator an

instrut isiguide to do a spiral searh, as desribed below.

� Loked. The loked, or guiding, mode is entered after a star has been found and

entered. In this mode, as well as in tip-tilt mode, isiguide only aquires a small

subframe instead of the entire sreen image (Fig. 3.23). This uts down on the

number of ikering pixels in the image, and allows the orretion loops to run

faster. The subframe whih was hosen (40 pixels on a side) is the largest whih

will allow the tip-tilt loop to run faster than 70Hz.

A yle of the guiding loop (similar to the tip-tilt loop pitured in Fig. 3.25)

begins with the aquisition of a subframe from the guider amera. At any given

time when isiguide is loked, it has a onept of where the star is supposed to

be. Usually, this is at the enter of the subframe, but at ertain times, for example

during position swithing (Fig. 3.23), the star is somewhere o�-enter. A entroid

is alulated for the pixels in a small box (presently 16 pixels on a side) about the

assumed position, and the o�set of the entroid from this position is stored in an

array. A number of statistis are then alulated for the image, and these statistis

are displayed on the guider PC sreen along with the subframe. Finally, isiguide

heks the keyboard and network for pending ommands. Every 3 seonds, the

most reent stored o�sets in the array (urrently the last 10, or however many

there are if the frame rate is low) are averaged, and the telesope is moved in

order to orret for the average o�set. The ISI star traking drifts only about 5

00

in half an hour, so this orretion rate is more than adequate to ompensate for

any suh drift.
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� Tip-tilt. One isiguide is in loked mode, the operator an ativate the tip-

tilt loop, whih is shown in Fig. 3.25. When operating in this mode, isiguide

exeutes two nested feedbak loops. In the inner loop, whih runs at rates up to

73Hz, a subframe is aquired, a entroid o�set is alulated (as desribed above),

and a orretion is made to the tip-tilt mirror angle. This yle repeats a �xed

number of times (about 100, depending on frame rate) before the outer loop runs

through its yle. The telesope is adjusted one during eah yle of the outer

loop, in order to remove the average angular o�set of the tip-tilt mirror. The serial

ontrol ow used in the tip-tilt mode is neessary beause of the single-tasking

operating system. It would be muh better to have the inner and outer loops

running onurrently, with no pause in the tip-tilt orretion.

It has been pointed out by Christou [22℄ and Close et al. [23℄ that tip-tilt orre-

tion for imaging systems is more e�etive if the brightest pixel, rather than the

entroid, is followed. For the ISI, however, entroid traking has resulted in bet-

ter performane over a wide range of seeing onditions. With its single-element

detetors, the ISI faes a di�erent problem than does an imaging system. A large

fration of the unertainty in ISI fringe visibility measurements is due to utua-

tions in the measured infrared power, and entroiding ensures that the maximum

possible energy from the star will onsistently fall on the detetor.

� Chopping. This mode, whih has not been arefully tested and should be on-

sidered experimental, rapidly throws the star in and out of the enter of the �eld

of view using the tip-tilt mirror. It is designed for measuring the infrared power

of the star. After 100 hopping yles, isiguide pauses to hek for network

ommands and to adjust the position of the at mirror to keep the star entered.

This pause an be heard as a small glith in the buzzing of the tip-tilt atuator.

It would not be neessary under a multitasking operating system.

Seleted Algorithms

Some of the proedures whih isiguide uses to make deisions and ontrol operation

of the guiding system are listed below.

� Star detetion. Figure 3.26 illustrates the proedure used to pik the star out
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Figure 3.25: Tip-tilt loop ow hart. The guiding loop is similar, exept that the

alulations, display, and ommand hek are done eah time an image is aquired.

Also, the tip-tilt mirror is not adjusted in the guiding loop. See the text for more

details.
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Figure 3.26: Star detetion algorithm. To pik a star out of the guider amera image,

isiguide yles down through the brightest pixels in desending order of brightness.

For eah andidate pixel (C in the diagram), the border pixel (B) values are summed,

and the �rst pixel whose border sum is between 3 and 8 times its value is hosen.

of a guider amera image. Starting with the brightest pixel in the image as a

andidate,

10

isiguide sums the values of the adjaent pixels. If this sum is

between 3 and 8 times the value of the andidate pixel, a entroid is omputed

for a small region around the andidate, and the entroid loation is used as the

position of the star. If the test fails, the andidate pixel value is set to 0, and the

brightest remaining pixel beomes the andidate. Up to 16 pixels are tested in this

manner before isiguide rejets the image as ontaining no star. Doubtless there

are more sophistiated and robust algorithms possible, but this one is simple and

fast, and has proven fairly aurate over a wide range of onditions. As desribed

above, after a star position is hosen, isiguide tries to enter the andidate by

moving the telesope. Suess indiates a very high probability of a real star in

the �eld.

� Spiral searh. Telesope pointing alibration is typially done one every few

months. Between alibrations, the auray of the pointing degrades, and even-

tually, the telesope is unable to plae the star image within the 40

00

�eld of view

10

If there are no pixels with data number greater than 5 (out of 4095) at the amera ontrol box

ADC, isiguide rejets the image as ontaining no star.
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Figure 3.27: Spiral searh. The guider amera �eld of view is moved in the sequene

shown above. A star in the indiated position in �eld 8 would not be found until the

end of the �rst yle. The edge of the entered �eld is 40

00

wide.

of the guider amera. In order to loate the star when this happens, isiguide

an exeute a spiral searh, as shown in Fig. 3.27. If the image is not found in the

enter position, the telesope is moved so that the �eld of view shifts to position 1

in the �gure. A small overlap is used between the �elds. In eah �eld, isiguide

takes two frames and heks for the presene of a star before moving on. A star in

the indiated position in Fig. 3.27 would not be found until the end of �rst yle.

This an oasionally aggravate the operator, beause as the telesope moves to

�eld 1, the star an be seen on the video sreen (Fig. 3.15), whih is onstantly

updated by the amera ontrol omputer. The guider PC, whih is single-tasking,

an not aquire an image until it has �nished moving the telesope, so it will

therefore not see the star until muh later. It has been suggested (Monnier [67℄)

that the spiral begin with �eld 2, thus avoiding the psyhologial problem. This

would atually be more eÆient, and should be implemented in the future, sine

it prevents the dupliation of the hek in frame 1. The avoidane of a glimpse

of the star is still not guaranteed, however, beause the telesope axes are moved

one after the other to shift the �eld, and they do not orrespond to the sreen
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axes upon whih the searh is based.

� Star loss. During guiding and tip-tilt orretion, isiguide must be able to detet

the loss of the star from the �eld of view. As desribed earlier, after the star is

loked in, its position is determined by �nding the entroid of a small box, entered

about the assumed position of the star. While doing this (in the same summation

loop), isiguide ompares the average pixel value in the entroiding box (Fig. 3.23)

with the average value in the subframe. If the soure is in the entroiding box

as expeted, the average value for the box should be greater than that for the

subframe. If the box mean value is less than 1:25(m

s

+ 1), where m

s

is the mean

value in the subframe, isiguide assumes the star has been lost. If it remains lost

for 5 onseutive frames, isiguide returns to searh mode. This simple hek has

been extremely robust, regardless of the soure under observation.

3.4.4 Guiding System Performane and Data Quality Improvement

Despite a number of shortomings, the new ISI guiding system has enabled observations

on stars whih were impossible to detet with the silion CCD amera. Fringe visibility

measurements on IRC+10011 and IRC+10420 will be disussed in detail in Chapter 5.

Visibility urves have also been measured for IK Tauri (Hale et al. [34℄), on whih the

operator was previously fored to guide by hand, sine the CCD image was too dim for

autoguiding. Some preliminary work has been done on CIT 6 (see Appendix A) and

R Canri, and more data will be taken on these soures in the near future.

The tip-tilt system has provided a substantial improvement in the quality

of data taken on bright targets. The system an be used on soures brighter than

magnitude 0 in K band (4.5�10

9

photons per seond inident on the primary mirror).

Figure 3.28 and Table 3.7 show test results for three nights when the tip-tilt system was

turned o� for short periods of time during observations of � Orionis.

The fringe visibility values shown for eah night are raw data, and were taken

onseutively, with no delay between the \on" points and the \o�" points. These mea-

surements, taken on a total of 5 nights (two not shown) under varying seeing onditions,

demonstrated that the tip-tilt system provides an average inrease of 40% in the mid-

infrared power reeived by the signal detetors. As an be seen from the error bars

in Fig. 3.28 and the orresponding numbers in Table 3.7, the RMS utuations in the
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Figure 3.28: Tip-tilt tests on � Orionis. Observations with the tip-tilt system o� are

shown in gray.

Table 3.7: Results from tip-tilt testing on � Orionis.

IR Power RMS Visibility

Date Tip-tilt Telesope 1 Telesope 2 Flutuation

12 Aug 1997 on 35.9 77.0 0.037

o� 27.5 53.2 0.063

13 Ot 1997 on 25.0 85.0 0.043

o� 20.2 65.4 0.071

9 De 1997 on 25.2 165.5 0.070

o� 13.5 93.5 0.113

Average ratio on/o� 1.41 1.54 0.607
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fringe visibility measurement drop by about 40% when the tip-tilt system is on. Al-

though improvement was always seen when the system was in use, the magnitude of that

improvement varied widely (e.g. inrease of IR power between 12% and 96%) depending

on the seeing onditions.

The data at the longest baseline in Fig. 3.28 show a marked inrease in fringe

visibility when the tip-tilt system is on. This is most likely due to the fat that at

the longer baseline, there are more atmospheri utuations whih are not orrelated

between the two telesopes. Suh utuations produe a relative phase shift in the

starlight, and a resulting hange in visibility. The tip-tilt system ompensates for some

of these utuations, keeping the star images entered on both detetors. This enables

a more aurate visibility measurement.

During these tests, the tip-tilt system was run at a losed-loop rate of 73 Hz.

No signi�ant di�erene was seen when the system was run at 55 Hz, and the results at

rates lower than this varied depending on seeing onditions.

An illustration of the sienti� value of the tip-tilt system is given by Figs. 3.29

and 3.30. Figure 3.29, taken from Bester et al. [8℄, shows data taken on � Orionis

during the �rst six years of operation of the ISI. The short-baseline data are used to

distinguish between two di�erent models (see Chapter 4), whih demonstrate a hange in

the surroundings of the star between 1992 and 1994. Although a di�erene in the overall

level of the visibility urve is indiated between 2 and 4 spatial frequeny units (0.97{

1.9 arse

�1

), the details of the shape of the urve are not as onvining. Figure 3.30

shows the measured visibility urve from the 1997 observing season, taken with the tip-

tilt orretion system. The resulting uniformly small probable errors and self-onsistent

shape of the short-baseline visibility urve are readily apparent.
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Figure 3.29: � Orionis visibility data from 1988{1994 (Bester et al. [8℄). These data

show a hange in the stellar environment between the earlier period (1988{1992) and

1994. The inset shows the short baseline data from the earlier period. The hange

between the two epohs is indiated by the two di�ering models. One spatial frequeny

(e�etive baseline/wavelength) unit, as used in this plot, is equal to 0.48 arse

�1
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Figure 3.30: � Orionis visibility data from 1997. This partial visibility urve was

aquired using the tip-tilt orretion system. Compare with Fig. 3.29.
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Chapter 4

Redution of ISI Data

4.1 Obtaining Fringe Visibility Measurements from ISI

Data

4.1.1 Theory

The ISI omputers digitize and reord three signals during observations, the infrared

power signals IR

1

and IR

2

, and the fringe signal F (x3.2.1). From these signals and a

alibration, we derive the fringe visibility of the soure.

As was desribed in x3.2.3, the fringe signal F is held at 100 Hz by the lobe

rotator. In order to eliminate unwanted noise in F, the power spetrum of the digitized

signal is integrated over a small band about this frequeny to determine the fringe power

FP. The bandwidth of F depends on the atmospheri onditions (Fig. 2.5), and power

an be present up to 20Hz from the enter frequeny on a poor night. A bandwidth

of 10Hz is a good ompromise, sine it will apture all the fringe power on nights with

aeptable onditions, but not let in enough noise to drown weaker fringe signals. The

data presented in Chapter 5 were all analyzed using a 10Hz bandwidth.

It was shown in x3.2.3 that for a point omponent

1

of the soure,

F

p

/ A

1p

A

2p

os(�

1p

� �

2p

);

1

Here subsripts are reintrodued in order to distinguish the signals due to a single point p in the

soure brightness distribution B(�; �) from the omplete signals resulting from the sum over all suh

points.
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where A

1p

and A

2p

are proportional to E

sp

E

LO

at the orresponding telesope. Thus,

FP

p

/ A

2

1p

A

2

2p

os

2

(�

1p

� �

2p

) (4.1)

Also,

IR

1p

/ A

2

1p

and

IR

2p

/ A

2

2p

: (4.2)

Combining IR

1p

, IR

2p

, and FP

p

, we an de�ne

V

p

�

s

FP

p

IR

1p

� IR

2p

(4.3)

Using (4.1) and (4.2), we have

s

FP

p

IR

1p

� IR

2p

/

s

A

2

1p

A

2

2p

os

2

(�

1p

� �
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A
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1p

A

2

2p

=

q

os

2

(�

1p

� �

2p

)

= j os(�

1p

� �

2p

)j;

and thus

V

p

/ j os(�

1p

� �

2p

)j: (4.4)

From (4.4), we an see that the measured visibility

V �

r

FP

IR

1

� IR

2

(4.5)

is proportional the absolute value of the sum over all points p in B(�; �) of os(�

1p

��

2p

).

It follows from the disussion in (x2.2.3) that

V / jV(D

e

)j; (4.6)

where the proportionality onstant relating V and jV(D

e

)j an be determined by ali-

bration of the interferometer.
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4.1.2 Visibility Values and Calibration

To obtain a visibility urve from ISI data, we ompute the raw values of the measured

visibility V , and then alibrate these values using the visibility of a soure with a known

brightness pro�le. This proedure is done in a number of steps, as follows.

1. Selet the bandwidth for fringe power analysis. As was disussed above, a band-

width of 10Hz about the 100 Hz entral frequeny was used.

2. Analyze the data using the visib program. The fringe and IR power data are

divided by visib into small intervals, eah of whih is analyzed to yield one raw

data point. The length of the intervals is hosen suh that utuations in the IR

power average out to give a reliable value. For bright stars, suh as � Ori, the

interval is approximately 130 seonds, and for dimmer stars, suh as IRC+10011

and IRC+10420, it is 260 seonds.

For eah data point, visib determines a noise level in the fringe signal by inte-

grating the power spetrum in a 10 Hz band around 125Hz. The program then

integrates from 95Hz to 105 Hz to measure the fringe power, and subtrats the

noise to get a FP value. The IR

1

and IR

2

signals are multiplied on a sample-by-

sample basis,

2

and the produts are averaged. The resulting value, IR

12

, an be

ombined with FP to give a raw (unalibrated) visibility value for the data point:

V =

r

FP

IR

12

Noise in the IR power signals is measured by omparing the levels during position

swithing, as desribed in x3.2.3. In order to redue the e�et of IR power utu-

ations (x4.1.3), an averaged IR

12

, inluding the values from the nearest 4 other

data points, was used to ompute visibilities from the 1997 data.

3. Adjust hopped visibility values if neessary. Stars with suÆient 11�m ux, suh

as � Ori, an have large enough signals that fringe data an be taken while the

hoppers are running (x3.2.3). In this ase, there will be a redution of FP by

about a fator of 4 beause of the hopping. The atual amount of this redution

is determined by averaging the ratio of adjaent hopped and non-hopped fringe

2

These signals are sampled at 100Hz, while the fringe signal is sampled at 500Hz.
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Figure 4.1: Visibility urve for a 0.0207

00

uniform disk. At the longest ISI baseline used

in 1997 (16m = 7arse

�1

), the alulated visibility for � Tau is 0.97.

power measurements. Chopped values are then adjusted using the average. This

orretion is omputed on a night-by-night basis for a given soure.

4. Compute orretion fators to ompensate for variations in instrument response.

Using a test alibrator, two orrelated arti�ial signals an be injeted into the ISI

detetion system. The resulting visibility values indiate small variations in the

response of the system due to fators suh as temperature drift. Test alibration

data are taken eah night, and an average value for all nights on a given baseline

is omputed. This average is then divided by the measured values to yield a

orretion fator for eah night. During 1997, the magnitude of these orretions

averaged 1.3%, and was never more than 6%.

5. Measure the visibility of the alibrator soure, and ompare with the known visibil-

ity urve. The soure used to alibrate ISI data during the 1997 observing season

was the giant star � Tauri (Aldebaran). This star is not surrounded by a dust

shell, and its angular diameter has been measured by lunar oultation and inter-

ferometry. Using a diameter of 0.0207

00

, whih is the average of the limb-darkened

values given by Quirrenbah et al. [79℄, and assuming the star is a uniform disk,

we ompute the 11�m visibility urve shown in Fig. 4.1
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Fringe power for � Tau is measured in the usual way, but beause of its lak of

dust, the star produes little ux at 11�m. Flutuations in the IR power signal,

aused by sattered loal osillator radiation (see x4.1.3), made it impossible to

obtain a reliable IR

12

value for this soure. Instead, a value is omputed using the

measured IR

12

for � Ori on the same night, and an 11�m ux ratio for the two

stars whih is derived using mid-infrared photometry (Monnier et al. [69℄). The

derived IR

12

value is ombined with the measured FP value, and the resulting

visibility is adjusted using the nightly orretions from step 4.

The measured visibilities for � Tau vary enough from night to night (about 10%),

that an average visibility for all the nights on a given baseline must be used. The

theoretial visibility value

3

is then divided by the average measured visibility on

that baseline to give a alibration fator. The alibration fator only hanged by

about 3% during the 1997 observing season, whih indiates that the instrument

response is fairly stable.

6. Compute nightly alibration fators. The nightly orretion from step 4 is multi-

plied by the alibration fator from step 5 to give an overall alibration fator for

eah night.

7. Corret visibility values using alibration fators from step 6. The raw visibility

values are multiplied by the overall alibration fator for the night on whih they

were measured. The data points at this stage are shown for IRC+10011 in Fig. 4.2.

8. Eliminate or orret invalid points. An aurate visibility measurement using

the ISI requires that many systems be funtioning properly at the time of the

measurement. A loose able, bumped mirror, glith in the star traking, spider

in the signal path, louds, or any one of a number of possible malfuntions an

result in inorret visibility values. In order to assure that the �nal urve is

aurate, some data points must be disarded. Often a logbook entry indiates

the ause, suh as loss of the LO phase lok, of an anomalous point. Certain other

problems, suh as the loss of the star in one telesope, an be dedued from a

areful examination of the relative values of the IR power and fringe signals. If only

3

The spatial frequeny used for the alulation is an average of all those at whih � Tau fringe data

were gathered on that baseline.
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Figure 4.2: 1997 Data points for IRC+10011. Some of these points display the large

errors whih an be aused by various instrument malfuntions. Compare with the �nal

points in Fig. 4.3.

a single IR power measurement is a�eted by a problem, it is sometimes possible

to orret the data point by using an average of the IR power measurements taken

immediately before and after the invalid reading.

9. Average seleted points. After the elimination of invalid data points, the remaining

visibility values (Fig. 4.3) are averaged in order to redue the probable error and

produe a single value for eah spatial frequeny. If the visibility is muh larger

than the probable error, the averaging is straightforward. A spatial frequeny

interval is hosen whih is large enough to ontain a number of points, but not too

large to blur the �nest detail in the visibility urve. The ISI beam (Fig. 3.10) is

ut o� a little more than 2.5

00

from the enter of the �eld of view. Beause of this,

the �nest osillation in the visibility urve will have a period of about 0.4 arse

�1

.

Aordingly, the averaging interval is hosen to be smaller than about half this if

suÆient data are available. In order to determine the probable error, a quadrati

�t is done on the data for eah baseline, and the RMS deviation of the data

about the best-�t urve is omputed. This is taken to be the population standard

deviation, so the probable error for an averaged point is this quantity divided by

the square root of the number of points averaged.



92

0 2 4 6

0

0.2

0.4

0.6

0.8

1

IRC+10011 1997 Valid Data

Baseline/� (arse

�1

)

F

r

i

n

g

e

V

i

s

i

b

i

l

i

t

y

F

r

i

n

g

e

V

i

s

i

b

i

l

i

t

y

Figure 4.3: Correted 1997 Data points for IRC+10011. These data were averaged

to produe the �nal visibility values for the 4.0 and 9.6m baseline measurements of

IRC+10011. The probable error in the �nal points was omputed by measuring the

satter about quadrati �ts (shown above) to the data from eah baseline.

If the visibilities are smaller than the probable error, there will be a number of

FP values whih are negative one the noise bakground is subtrated. In these

ases, it is not possible to ompute individual visibility values before averaging, so

the FP and IR

12

values from many points are averaged, and the visibility value is

omputed from these averages. This was done for the 16m data on IRC+10011.

Figure 4.4 shows the omplete visibility urve measured for IRC+10011 in 1997.

4.1.3 Soures of Unertainty

The use of heterodyne detetion plaes a fundamental limit on the ability of the ISI to

measure IR power from a star (x2.3). This limit orresponds to a star roughly 100 times

dimmer than � Ori at 11�m. The pratial limit during the 1997 observing season was

lose to ten times the fundamental limit. This problem has made it neessary to use

indiret IR power measurements for the alibration soure (see the disussion in x4.1.2),

whih introdues a large unertainty in the overall level of the visibility urve. It is

instrutive to examine some of the soures of measurement error to see what an be

done to improve the situation in the future.
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Figure 4.4: Visibility urve for IRC+10011. The points shown here for the 4.0 and

9.6m baselines are averages of those shown in Fig. 4.3. 16.0m baseline values result

from averages taken of FP and IR

12

over many points, some of whih have negative

FP values.

IR Power Flutuations and Calibration

The most prominent soure of error in ISI fringe visibility measurements has been a

type of infrared power utuation whih routinely amounts to 10% of the signal level

produed by a bright star suh as � Orionis. On oasion, the utuations are muh

larger, and totally eliminate the possibility of making a useful measurement. The fringe

signal, whih measures orrelation between the �elds in the two telesopes, is not a�eted

by these utuations.

It now seems fairly ertain that the ause of this problem has been sattered or

bak-reeted loal osillator radiation whih enters the signal detetor dewar. Beause

the power of the loal osillator exeeds that from the star by about a fator of 10

9

at the detetor, even a minusule fration of the loal osillator signal an produe a

substantial hange in the measured power. During the 1998 observing season, a system

whih monitors slow hanges in the detetor urrent has been able to ompensate for

this false signal and redue the utuations by about a fator of �ve. It is thought that

another fator of two improvement may be possible by �ne-tuning this system.

Unfortunately, the utuations a�et the 1997 data in two major ways. First,

they are the dominant soure of the random satter of the visibility values (Fig. 4.3).
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Substantial redution of this satter will drastially redue the amount of time nees-

sary to ollet a sienti�ally useful visibility urve for soures suh as IRC+10011 and

IRC+10420, whih are roughly 30% and 60% as bright as � Ori at 11�m, respetively.

Seondly, aurate measurement of the IR power of the alibrator soure, � Tau, whih

is only about 10% as bright as � Ori, was not possible with the utuations present.

In order to obtain an IR

12

value, the IR power of � Ori was measured, and the orre-

sponding value for � Tau was omputed using photometry data taken with the United

Kingdom Infrared Telesope (UKIRT) on Mauna Kea. Reent measurements of � Tau,

using the utuation ompensation system, indiate that the overall alibration of the

1997 data may be as muh as 20% low. A possible explanation of this disrepany is

that the beam used in the UKIRT measurements was larger than the ISI beam. This

allowed the olletion of more ux from extended struture around � Ori, so the derived

IR

12

value for � Tau was smaller than it should be. The measured � Tau visibility was

orrespondingly larger than it should be, and the alibration fators for the ISI data are

onsequently too small.

Atmospheri Flutuations

Figure 3.28 demonstrates that atmospheri e�ets an lower the measured fringe visibil-

ity for a soure. This problem is partiularly severe at the shortest e�etive baselines,

when the telesope is pointed near the horizon, and the starlight must travel a muh

longer path through the atmosphere. This is probably the ause of a systemati drop

in visibility whih was seen at short e�etive baselines for a number of soures is 1997.

Figure 4.5 illustrates the problem for � Ori and IRC+10420.

The tip-tilt system enables the ompensation of some atmospheri utuations,

and observations of bright stars during 1997 demonstrated a signi�ant improvement

in data quality. In order to take maximum advantage of this system, however, the

sensitivity of the guider ameras needs to be improved. This would allow orretion

during observations of stars whih are dim in the near-infrared, suh as IRC+10011

and IRC+10420.

Some atmospheri e�ets an not be orreted by the tip-tilt system. Refra-

tive index utuations along the line of sight to the star will ause phase modulation of

the fringe, even if they do not ause a lateral displaement of the star image. Substan-
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Figure 4.5: Illustration of fringe visibility drop at short e�etive baselines. The in-

diated points suggest a systemati drop in visibility, possibly aused by atmospheri

utuations. These points were disarded before modeling of the soures was done.
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tial broadening of the fringe power spetrum was seen on poor nights, even with the

tip-tilt system in operation. If this broadening is too severe, fringe power will fall far

from the 100Hz enter frequeny, and therefore will not be deteted. Under poor seeing

onditions, the measured visibility typially drops, and data from suh nights are often

not useful. High order distortions of the star image an also not be remedied with the

tip-tilt orretor. On a night when star images resemble that shown on the right-hand

side of Fig. 2.7, the signal detetors will not apture all of the power in the star image,

and that power whih is measured utuates wildly. During the period when the poor

image in Fig. 2.7 was aquired, infrared power utuations averaged about a third of

the measured value for � Ori, even though the tip-tilt system was on.

A �nal problem aused by atmospheri onditions is that of alibration. Be-

ause of the plaement of soures in the sky, it is often diÆult to assure that the

alibrator and the star of interest are measured under the same onditions. If there is

a systemati di�erene, it an lead to an overall alibration error.

On the best nights at Mt. Wilson, the seeing does not ontribute signi�antly

to the error in an ISI visibility measurement. Various sensitivity improvements whih

inrease the rate at whih the instrument an aquire aurate data will allow omplete

visibility urves to be gathered on a few good nights, rather than many mediore or

poor ones.

Other Possible Improvements

In addition to improvement of guider amera sensitivity and elimination of IR power

utuations, there are some other hanges whih ould help the ISI approah the theo-

retial sensitivity limit. The HgCdTe infrared detetors (Bester et al. [6℄) whih are used

in the ISI are onstantly being improved. The signal detetors presently in the two tele-

sopes have quantum eÆienies of about 40% and 20%. Upgrade of the lower-quality

detetor ould result in a 3 dB gain in signal-to-noise in that telesope.

Certain systemati problems remain in the telesope hardware. On many o-

asions during the 1997 season, one of the telesopes would boune in altitude by up to

3

00

at rate of about 3Hz. This problem, whih was worst at low altitudes, ould om-

pletely ruin the data by throwing the star on and o� the detetor during observations.

A number of the bad points, whih had to be eliminated from the data, were aused by
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this problem.

Although the ISI is a very ompliated instrument, with many potential soures

of unertainty, it is not unreasonable to expet that eventually it may be possible to

redue the error in fringe visibility measurements by up to a fator of 10. Suh an

improvement would greatly derease the amount of time needed to obtain omplete and

aurate visibility urves, and would allow the measurement of dim soures whih are

presently inaessible.

4.2 Modeling and Soure Image Reonstrution

One a visibility urve has been measured and redued, a method must be hosen to

reover as muh of the soure image as possible. The available methods an be broadly

lassi�ed as using either diret inversion or modeling. Diret inversion methods use

various types of mathematial interpolation to �ll in missing areas of the visibility urve.

The urve is then transformed to produe a brightness pro�le for the soure. Modeling

methods use physial laws, known quantities from other types of measurement, and

various free parameters to onstrut a theoretial brightness pro�le. The pro�le is

transformed, and the resulting visibility urve is ompared with the data.

4.2.1 Diret Inversion

Methods for diret inversion range from relatively simple polynomial �ts and ubi

spline interpolation, to the somewhat more involved maximum entropy method (MEM).

Polynomial �tting �nds the urve of a spei�ed order whih has the minimum total RMS

distane to the data points. Cubi splines are urves of the form

f(x) = ax

3

+ bx

2

+ x+ d;

whih an be hosen to have given values and �rst derivatives at two spei�ed points.

Slopes are assigned to eah data point (by averaging the slopes of the lines drawn

between the point and its nearest neighbors, for example), and splines are used between

eah pair of points to draw a smooth interpolation of the visibility urve. The MEM

(Skilling & Bryan [84℄) �nds the funtion whih, for a set of N data points f

j

, maximizes
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the statisti

S(f) = �

N

X

j=1

p

j

log p

j

;

where p

j

= f

j

=�f , while minimizing the total RMS deviation of the urve from the

data. This method tends to selet a urve with as little struture as possible. If there

are no other onstraints, the MEM will assign the same value to eah point on the urve.

Diret inversion methods an be used to get a general idea of the form or

harateristi size of the brightness distribution, or to suggest diretions for modeling.

The MEM analysis of ISI data on the soure NML Cygni (Monnier et al. [68℄), for

example, suggested a two-shell model whih �t the data quite well. Ultimately, however,

these methods are inferior to modeling for extrating physial information from visibility

data. Eah of the diret methods makes use of some arbitrary mathematial assumption

to omplete the visibility urve. Whether suh an assumption is appropriate is a matter

of hane. For example, the MEM tends to deemphasize struture in a visibility urve.

Sine all visibility urves approah a value of 1 at zero spatial frequeny, they an never

math the MEM's ideal of a at urve, and points at small spatial frequenies tend to

be too low in MEM interpolations.

4.2.2 Radiative Transfer Modeling

Radiative transfer modeling provides the opportunity to inorporate ISI data into a

omprehensive piture of the soure whih draws from other sorts of measurements, suh

as spetrosopy, spekle imaging, polarimetry, and radio interferometry. Conjeture

about the stellar environment, based on physial law, provides a more realisti way to

deal with sparse data than do the mathematial assumptions of diret inversion.

The modeling of ISI data was desribed extensively in a paper by Danhi

et al. [25℄. A summary of the modeling proedure, along with a disussion of seleted

parameters, will be presented here. The ISI radiative transfer ode is adapted from

one developed by Wol�re and Cassinelli [94℄ for studying aretion ows. The model

onsists of a star, taken to be an ideal blakbody at the spei�ed temperature T

?

, and

a spherially symmetri dust shell, as pitured in Fig. 4.6. The dust is assumed to be

omposed of siliates, based on the prominent 9.7 �m feature in the mid-infrared spetra
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Figure 4.6: Illustration of the radiative transfer model. The star, shown at the enter of

the diagram, has a radius r

?

, and a photospheri temperature T

?

. At the inner radius

r

inner

, the temperature has dropped enough to allow the formation of dust. An arbitrary

outer radius r

outer

is hosen, and the orresponding density �

outer

determines the density

for the rest of the shell, whih is proportional to r

�`

.

of most of the stars observed by the ISI.

4

Various other properties of the dust, suh

as the size distribution, optial harateristis, and frational density ompared with

irumstellar gas, are taken from studies of the interstellar medium (Mathis et al. [61℄)

and measurements of irumstellar siliate opaities (Ossenkopf et al. [73℄ and referenes

therein). The dust ondenses at the inner radius r

inner

, and the ombined density of the

gas and dust falls o� aording to a spei�ed power law (� / r

�`

). The density �

outer

is spei�ed at r

outer

, in order to set the sale for �. The outer radius r

outer

was taken to

be 3

00

, whih is beyond the edge of the ISI beam.

Given the physial model of the star and its surroundings, the radiative transfer

ode omputes a self-onsistent radial temperature pro�le using an iterative proedure.

4

The ode is also apable of inluding graphites and two phases of amorphous arbon if appropriate.
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From this pro�le and the optial properties of the dust shell, the ode produes a mid-

infrared spetrum and radial brightness pro�le. The brightness pro�le is multiplied

by the telesope beam pattern (x2.2.3), and proessed using a fast Hankel transform

algorithm (Hansen [36℄) to yield a model visibility urve, whih an be ompared with

ISI data.

The proess of �nding the best model parameters is as follows. First, the

distane to the star and e�etive temperature are hosen. The distane D sets the

atual length sales in the model, sine only the angular extent of the star is indiated

by the data. Fortunately, the model is not very sensitive to D, as the probable errors

in measurements of D are often as large or larger than stated value. The model hosen

for the soure IRC+10011 (see Chapter 5) was essentially una�eted by a 40% hange

in D. The e�etive temperature T

?

is seleted to math the spetral type of the star.

The modeling is also not very sensitive to T

?

, sine r

?

an be hanged to vary the total

amount of ux from the soure.

OneD and T

?

have been hosen, typial values are assigned to r

inner

and �

outer

,

and ` is set to be 2, whih orresponds to the density pro�le for a uniform outow from

the star. The stellar radius r

?

is then varied in order to math the total ux in the model

spetrum with that in a measured spetrum, suh as those from Monnier et al. [69℄.

At this point, r

inner

and �

outer

are varied to produe the best possible �ts to the

mid-infrared spetrum and the visibility urve. If satisfatory �ts an not be obtained,

` is hanged and the proedure is repeated.

Eah time the model is run, two values are omputed whih failitate the

omparison between the model and the data. The agreement between a model and the

measured visibility urve an be haraterized by the parameter (Bevington [12℄)

�

2

�

N

X

i=1

�

y

i

� f(x

i

)

�

2

�

2

i

;

where y

i

are the N visibility values at spatial frequenies x

i

, �

i

are the probable errors

in y

i

, and f(x) is the visibility urve generated by the model. Although �

2

provides a

onvenient measure of the quality of the �t, it should not be regarded as an absolute

indiator of this quality. For ISI data, �

2

tends to emphasize the �t at short baselines,

sine the data are denser there.

The optial depth � is a measure of the opaity of the dust shell. For radiation
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of intensity I, traveling a distane s in an absorbing medium,

dI

ds

= ��I;

where �(s) is the absorption oeÆient. Thus,

I(s) = I(s

0

) exp

�

�

Z

s

s

0

�(s

0

) ds

0

�

: (4.7)

The optial depth is de�ned as the integral in (4.7):

� =

Z

s

s

0

�(s

0

) ds

0

:

This parameter of the dust shell is determined primarily by �

outer

and `, whih together

speify the amount of dust between the star and the observer. There is also an e�et

on � when r

inner

is hanged, sine the highest density of dust is at r

inner

. The shape

of the mid-infrared spetrum is strongly inuened by the optial depth. Whether the

dust shell is optially thik (opaque) with � > 1, or optially thin (transparent to some

degree), will determine if spetral features, suh as the 9.7�m siliate peak, will be

seen in absorption or emission, and to what extent. The onstraint plaed on � by the

spetral data provides a useful hek of the assumption of spherial symmetry. If the

visibility urve an not be �t well under onditions whih math the spetrum, it may

indiate that the soure is atually surrounded by a disk or other more ompliated dust

distribution instead of a spherial shell.

Results from the modeling of ISI data taken in 1997 on the soures IRC+10011

and IRC+10420 are presented in the next hapter.
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Chapter 5

IRC+10011 and IRC+10420

Completion of the ISI near-infrared guiding system enabled observations of a number

soures whih had been inaessible in the past. E�orts during the 1997 observing season

were onentrated on two soures, IRC+10011 (also known as CIT 3) and IRC+10420.

1

Properties of these two objets are shown in Table 5.1.

Visibility data were olleted on a total of 21 nights for IRC+10011, and

18 nights for IRC+10420, between 12 August 1997 and 10 Deember 1997. Three

baselines were used, 4.0m until 5 Otober, 16.0m until 6 November, and 9.6m for the

rest of the season. Table 5.2 shows the position angles of the e�etive baselines for the

1

In these identi�ers, \IRC" stands for the Calteh Infrared Catalog (Neugebauer et al. [72℄). The

sign and �rst two digits of the number indiate the range of delination in whih the soure lies.

For example, both IRC+10011 and IRC+10420 lie between +5 and +15 degrees delination, so their

identi�ers begin with \IRC+10." The last three digits identify the soure by number, in inreasing

order of right asension within the delination band.

Table 5.1: Properties of IRC+10011 and IRC+10420. The spetral type of IRC+10420

has hanged over the past 20 years. 1 Jansky (Jy) = 10

�26

W

m

2

�Hz

.

Property IRC+10011 IRC+10420 Referene

Right Asension (2000.0) 1h 6m 25.92s 19h 26m 48.00s [20℄

Delination (2000.0) +12

Æ

35

0

53.2

00

+11

Æ

21

0

16.6

00

[20℄

Visible Magnitude 9 � 1�m 8.5 [32℄,[20℄

K band Magnitude 2.0 3.4 [32℄

11�m Flux Density 1200 Jy 2500 Jy [32℄

Spetral Type M9 F8{A5 [20℄, [49℄

E�etive Temperature 2700K 7000K [77℄, [75℄

Distane 500 p 5000 p [16℄, [43℄
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Table 5.2: Position angles for measurements of IRC+10011 and IRC+10420. If one

takes the baseline vetor D, and projets it onto a plane perpendiular to the vetor

whih points at the star, the projeted vetor D

e

will point at an angle �

p

from north.

The position angle �

p

, tabulated below, is de�ned suh that due east orresponds to

�

p

= 90 degrees.

Position Angle (degrees)

Baseline (m) IRC+10011 IRC+10420

4.0 260{297 240{274

9.6 296{307 297{303

16.0 303{315 303{308

measurements. Although spherial symmetry was assumed for all modeling purposes,

the position angles are needed when making omparisons with measurements that have

2-dimensional overage.

5.1 IRC+10011

5.1.1 Bakground

IRC+10011 is an oxygen-rih long-period variable star of spetral type M9. It has a

K band magnitude of 2.0 and a ux density at 11�m of 1200 Jy,

2

making it an ideal

andidate for study by the ISI. This soure exhibits maser emission on both SiO (Cho

et al. [21℄) and OH lines. Outward ow of material from the star auses the OH maser

emission to have a double-peaked spetrum, with a red-shifted omponent due to the

reeding material on the far side, and a blue-shifted omponent from the approahing

material on the near side. As the luminosity of the star varies, the masers on either

side of the star will vary synhronously in intensity. As seen from Earth, however, the

intensity variations in the red-shifted and blue-shifted omponents will be out of phase

beause of the extra time required for light to travel from the far side of the star. By

measuring this phase lag, Jewell et al. [40℄ determined the linear diameter of the OH

emission region around IRC+10011 to be (6:6 � 1:4)� 10

16

m.

Using the linear OH shell diameter in ombination with their angular diameter

data from the Very Large Array radio interferometer, Bowers et al. [16℄ found a distane

2

1 Jansky (Jy) = 10

�26

W

m

2

�Hz

. By omparison, the ux from � Orionis is approximately 4300 Jy at

11 �m.
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Figure 5.1: IRC+10011 mid-infrared spetra. These measurements, taken fromMonnier

et al. [69℄, illustrate the variability of IRC+10011. At left is indiated the luminosity

phase, in yles, of eah spetrum, with maximum luminosity orresponding to a phase

� = 1. The highlighted spetrum was used for the modeling of IRC+10011, sine its

phase is lose to the average phase (0.67) during the period of ISI observations. The

ux alibration of eah spetrum has a stated unertainty between 5 and 10%, though

exellent agreement an be seen between the two spetra at � = 0:49, taken 660 days

apart.

of 500 p to IRC+10011. This distane was adopted for the modeling of ISI data.

Although the stated unertainty in the measurement was a fator of two, it agrees with

other estimates, suh as that from a period-luminosity relation (650 p, as given by

LeBertre & Winters [56℄). CO line emission observations (Knapp & Morris [50℄) have

also been done on this soure, yielding an outow veloity of 23:0 � 0:9 km�s

�1

for

irumstellar material. Based on the work of Perrin et al. [77℄ and the spetral type

M9, the e�etive temperature for modeling of IRC+10011 was taken to be 2700K.

The variation in luminosity of IRC+10011 an be seen in its mid-infrared

spetra, taken at various times over a 3 year period (Fig. 5.1). The luminosity yle has

a period of 660 days (LeBertre [55℄). ISI measurements during 1997 spanned a range

of phases between 0.59 and 0.76 yles, where the maximum luminosity ours at a

phase of 1 (or 0). In addition to the substantial hange in overall mid-infrared ux

during a yle, there is also a notieable variation in the shape of the siliate feature

just below 10�m. This feature is seen in absorption, indiating an optial depth greater
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Figure 5.2: IRC+10011 1997 visibility data.

than 1 (ompare with the spetrum of IRC+10420 in Fig. 5.7, whih shows the feature

in emission). The harateristis of these spetra are disussed in detail in a paper by

Monnier et al. [69℄. Within a few years, enough ISI data should be available to see how

the visibility urve for this soure hanges with the star's luminosity.

A measurement of the diameter of IRC+10011 at three infrared wavelengths

was done in the early 1970s by Zappala et al. [95℄ using lunar oultation. The results

were modeled with a ombination of two uniform disks. The best-�t model at 10�m

onsisted of an outer disk with angular radius 0.068

00

produing 85% of the observed

ux, and an inner disk of radius 0.033

00

ontributing the remaining 15%. They also

onluded that not more than 15% of the ux originated from a region more than 0.2

00

from the enter of the soure. The fration of power ontained in extended dust emission

led the authors of this study to suggest that the optial depth of the shell at 10�m was

between 1 and 3.

5.1.2 ISI Results and Models

1997 fringe visibility data for IRC+10011 are shown in Fig. 5.2 and Table 5.3. Some

measurements of this soure were also taken at the end of the 1996 season on the 4m
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Table 5.3: 1997 visibility values for IRC+10011.

Baseline/� (arse

�1

) Fringe Visibility

0.90 0.713 � 0.020

1.04 0.682 � 0.030

1.16 0.644 � 0.027

1.25 0.625 � 0.027

1.36 0.612 � 0.018

1.45 0.593 � 0.023

1.56 0.568 � 0.027

1.66 0.548 � 0.017

1.73 0.568 � 0.010

2.88 0.333 � 0.015

3.23 0.281 � 0.016

3.59 0.239 � 0.014

4.10 0.181 � 0.008

6.12 0.092 � 0.020

6.92 0.061 � 0.030

baseline. Although the quality of the 1996 data was extremely poor (probable error

in the fringe visibility was approximately 0.25) beause the new guiding system had

not yet been optimized, the results were onsistent with the 1997 values. The visibility

urve shows a gradual but steady drop out to the longest measured baseline. This drop

indiates the presene of a dust shell with an extent on the order of 0.1

00

.

The best-�t spherial-shell radiative transfer model for IRC+10011 is shown

in Fig. 5.3, and Fig. 5.4 is a reonstruted image, based on the radial pro�le from the

model. Superposed on the image is a irle, indiating the diameter of the �rst null

of the 11�m Airy pattern for a 10m telesope. This model has a entral star with

angular radius r

?

= 0:0036

00

, whih, at D = 500 p, orresponds to a linear distane of

about 390 solar radii. This is large, but reasonable for an asymptoti giant. The inner

radius of the dust shell is 0.033

00

, or about 9 r

?

. A 10% inrease in r

inner

for this model

results in a 3% inrease in �

2

, and a 5% drop in the optial depth. A 10% inrease in

�

outer

produes a 44% inrease in �

2

, and a 10% inrease in � .

A good math to the urve implied by the visibility data ould only be obtained

using a dust shell density, proportional to r

�1:5

, whih falls o� slower than the r

�2

expeted of the shell around a star with onstant, uniform dust outow. The best

uniform outow model is shown in Fig. 5.5. This model produed a muh higher optial
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Figure 5.3: IRC+10011 best-�t model.
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0.5

00

Figure 5.4: IRC+10011 11�m model image. The star an be seen at the enter of the

image, surrounded by its dust shell. Indiated with a dashed line is the 11�m Airy disk

diameter for a 10m telesope.

depth (� = 2:95 as opposed to � = 1:75 in the best-�t model), and onsequently the �t

to the spetrum was onsiderably worse.

The model spetrum for IRC+10011 does not math the data at wavelengths

beyond 10�m. An alternative model whih �ts the spetrum in this region is shown

in Fig. 5.6. This model required a lower dust density, and the resulting optial depth

produed a spetrum with a poor math to the shape of the siliate feature. In addition,

the visibility urve in the alternative model is too high. Even when a possible alibration

error of 10% (x4.1.3) is taken into aount, as illustrated by diamonds above the visibility

points in the �gure, the model is learly unaeptable.

A number of fators ould be responsible for the poor �t of the spetrum from

the best model (Fig. 5.3) at wavelengths beyond 10�m. First, data on IRC+10011 were

taken over a range of luminosity phases between � = 0:59 and � = 0:76. Figure 5.1

learly shows that the shape of the spetrum hanges with luminosity phase. The

spetrum hosen for omparison with the model is simply that at an average phase,

and does not take into aount the amounts of data taken at any partiular phase, nor

whether various parts of the spetrum hange at di�erent rates. Seondly, Monnier
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Figure 5.6: Model �t to tail of mid-infrared spetrum for IRC+10011. Small diamonds

are drawn at points 10% higher in visibility than the data points in order to illustrate

the e�et of a possible misalibration.
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et al. [69℄ suggest that dust properties may hange during the luminosity yle. Suh a

hange would not be aounted for in the ISI radiative transfer model, whih assumes

onstant optial properties and loation of formation (r

inner

) for the dust grains. Finally,

the assumption of spherial symmetry may be naive. If the dust is atually in the form

of a disk, for example, then the observed radiation ould be a ombination of diret

light, whih has traveled through relatively little dust, and sattered light from the

disk. Thus the resulting spetrum ould exhibit features of shells with di�erent optial

depths.

5.1.3 Disussion of Results

The model �t to ISI data on IRC+10011 produes a piture of the star and its sur-

roundings whih is ertainly reasonable, and in good agreement with the other available

observations. The inner dust shell radius of 0.033

00

orresponds to that of the inner disk

hosen by Zappala et al. to model their lunar oultation data. Reent near-infrared

results from aperture masking at the Kek telesope (Monnier [67℄) indiate an inner

radius within 5% of the value from the ISI model. As was pointed out by Ivezi� &

Elitzur [39℄, the inner radius should not be wavelength dependent. The aperture mask-

ing results also �nd no elliptiity or other substantial deviations from axial symmetry in

the near-infrared image of the soure. This lends redene to the assumption of spher-

ial symmetry, although it is still possible that the dust shell is atually a disk, seen

pole-on from the Earth.

The model optial depth � = 1:75 yields a good �t to the siliate feature of the

spetrum at a phase whih mathes the average during ISI observations. It is onsistent

with the predition of Zappala et al. that the 10�m optial depth should lie between 1

and 3. Monnier et al. [69℄ also predit that � for IRC+10011 should be \only slightly

smaller than that of NML Cyg," whih has an optial depth of about 2.

A number of radiative transfer models have been done for IRC+10011 (Just-

tanont et al. [45℄, Le Sidaner & Le Bertre [57℄). By assuming uniform, spherially sym-

metri mass outow, and using a mass loss rate inferred from infrared spetra, Just-

tanont et al. derived a radial temperature pro�le for the soure. Although the general

shape of the pro�le approximates that resulting from the ISI model, the overall level of

the ISI pro�le is substantially higher, due to the fat that Justtanont et al. adopted an
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e�etive temperature of 2000K for IRC+10011. Their infrared modeling (Justtanont &

Tielens [46℄) did, however, produe values for r

?

and r

inner

within 50% of those in the ISI

model, whih is not unreasonably far o�, onsidering the assumptions used in the mod-

eling, suh as a somewhat arbitrary luminosity of 10

4

L

�

, and uniform dust outow.

The lak of measured parameters in these models frustrates attempts at meaningful

quantitative omparison with ISI data.

The mass density � / r

�1:5

implies that there is more dust farther from the star

than would be expeted from a uniform dust outow. This has been the ase in other ISI

models, suh as those for IRC+10216 (Danhi et al. [25℄). Two possible explanations

for the slow drop in density are time-varying dust emission and deviation from spherial

symmetry. If dust was produed at a greater rate in the reent past, there will be a

region of relatively high density moving away from the star. Cirumstellar dust in some

form other than a spherial shell, for example a disk or some sort of lobe struture, ould

also ause the model density to mimi a time-varying outow. Future interferometri

measurements at a variety of wavelengths should shed more light on the form of the

material around this and other evolved stars.

5.2 IRC+10420

5.2.1 Bakground

IRC+10420 is a luminous supergiant whih has been extensively studied over the past

25 years. Like IRC+10011, it is oxygen-rih, however the two objets di�er in a number

of respets. As is illustrated by its mid-infrared spetra (Fig. 5.7), IRC+10420 does not

exhibit periodi luminosity variations. In addition, it has a muh earlier spetral type

than IRC+10011. The initial measurement, whih was done in 1973 by Humphreys

et al. [37℄, yielded a spetral type of F8Ia. Reent observations by Oudmaijer [74℄ indi-

ate that the spetral type is now muh earlier, and that the e�etive temperature of

IRC+10420 inreased by 1000{2000 K between 1973 and 1994. Klohkova et al. [49℄ �nd

a spetral type of A5 based on reent spetral data. Dramati hanges in the OH maser

emission over the same time period have been reported by Nedoluha & Bowers [71℄.

IRC+10420 is often haraterized as \peuliar" (Diamond et al. [26℄, Oudmai-

jer et al. [75℄). This soure is indeed unusual in that it is the only known OH maser
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Figure 5.7: IRC+10420 mid-infrared spetra from Monnier et al. [69℄. The stated un-

ertainties in the ux alibrations for these spetra were between 5 and 15%. The

highlighted spetrum was taken on 28 August 1997, losest to the time of the ISI ob-

servations, and was used in modeling the soure.

soure with spetral type earlier than K (Lewis et al. [58℄), and its maser spetrum

does not exhibit the ommon double-peaked veloity signature at 1612MHz from stel-

lar outow (Bowers [15℄). In addition, the 9.7�m siliate feature (Fig. 5.7) is seen in

emission in the spetrum of IRC+10420. OH maser soures are frequently surrounded

by optially thik dust shells, and show this feature in absorption.

Maser emission from this star has been studied by a number of authors. Based

on his analysis of 1612 and 1667MHz data, Bowers [15℄ onluded that there has been

\extensive mass loss" within about the last 500 years, and that the distribution of

material around the star is in a \lumpy" sphere. Diamond et al. [26℄ found that

their 1612MHz observations, taken at roughly the same time, ould best be explained

with a bipolar outow model. Later results by Nedoluha & Bowers [71℄ still indiated

evidene for lumps of emitting material, despite hanges in maser intensity and angular

distribution. They modeled the region of emission as an oblate spheroid.

In 1993, Jones et al. [43℄ presented a review of a number of di�erent obser-

vations of IRC+10420, inluding optial and infrared spetra, imaging, photometry,

and polarimetri data. In their paper, a strong ase is made for a distane of between

4000 and 6000 p to IRC+10420, based on interstellar reddening and polarization, in
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addition to observations of sodium D lines in the spetrum. These lines are blue-shifted

with respet to the stellar spetrum, and therefore thought to originate in the inter-

stellar medium. Furthermore, this distane estimate is onsistent with the kinemati

distane based on galati rotation, and results in an intrinsi luminosity of 5� 10

5

L

�

,

whih is normal for suh a supergiant. For ISI modeling, a distane of 5000 p was

hosen, along with an e�etive temperature of 7000K based on the work of Oudmaijer

et al. [75℄. Jones et al. ombined their results in a model whih onsists of a entral

star surrounded by an equatorial disk whih is tilted with respet to our line of sight.

Reent imaging work by this group (Humphreys et al. [38℄), using the Hubble Spae

Telesope and a 3.6m ground-based infrared telesope, shows omplex struture sur-

rounding the star, inluding jets, ars, and ondensations. Their infrared images display

bipolar emission along a northeast-southwest axis in a 4� 4

00

�eld of view.

Other imaging work has been done on IRC+10420. Early near-infrared spekle

interferometry by Dyk et al. [27℄ indiated the presene of a dust shell whih has ap-

proximately the same size along north-south and east-west baselines at a given wave-

length (FWHM of a Gaussian �t to the shell was 0.072

00

at 2.2 �m, and 0.154

00

at 4.8�m).

Ridgway et al. [80℄ modeled near-infrared spekle measurements and found an inner ra-

dius of 0:125 � 0:015

00

for a spherial dust shell. In 1987, Cobb & Fix [24℄ published

visibility urves from 10�m spekle interferometry on IRC+10420, and onluded that

in the north-south and east-west diretions, the soure is symmetri to within their ex-

perimental errors. Diret imaging has been done by Bloemhof et al. [13℄ using a sanned

linear array of 10�m detetors and a 3m telesope. They found a FWHM of 0.36

00

for

a Gaussian �t to the dust shell. Polarimetri imaging in the near-infrared by Kastner

& Weintraub [47℄ revealed roughly irularly symmetri emission out to 9

00

.

5.2.2 ISI Results and Models

The measured visibility urve for IRC+10420 is shown in Fig. 5.8 and Table 5.4.

These points were generated from ISI data taken on three baselines during 1997. Raw

data from the shortest baseline, 4.0m, are shown in Fig. 5.9. Fringe power and IR

power values taken on the longer baselines (9.6m and 16.0m) had to be averaged sep-

arately before the fringe visibility ould be omputed, sine after subtration of the

bakground noise, many of the fringe power values were negative. The visibility urve
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Figure 5.8: IRC+10420 1997 visibility data.

Table 5.4: 1997 visibility values for IRC+10420.

Baseline/� (arse

�1

) Fringe Visibility

0.71 0.542 � 0.022

0.90 0.539 � 0.021

1.02 0.492 � 0.021

1.11 0.412 � 0.018

1.21 0.373 � 0.020

1.31 0.334 � 0.021

1.40 0.308 � 0.020

1.51 0.284 � 0.024

1.60 0.263 � 0.019

1.72 0.231 � 0.009

3.17 0.000 � 0.100

6.06 0.000 � 0.080

6.92 0.039 � 0.080
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Figure 5.9: Raw and valid data points for IRC+10420. The urves shown in the bottom

plot were used to determine the probable errors in the �nal visibility urve. Points

with spatial frequeny less than 0.97 arse

�1

were analyzed separately. 9.6 and 16.0m

baseline data (not shown) ontained negative fringe power values, and were averaged

without �rst omputing individual visibility values.
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Figure 5.10: Histogram of 32m baseline bakground-subtrated fringe power mea-

surements on IRC+10420. The plot is entered about the mean of the distribution,

0.144 �V

2

, whih orresponds to a fringe visibility of about 0.1. The width of eah bin

is half the standard deviation of the distribution. This measurement is onsistent with

a fringe visibility of zero.

for IRC+10420 an be seen to drop o� very rapidly, and by the time the spatial fre-

queny reahes 3 arse

�1

, there is little or no power left to be resolved. This indiates

that the mid-infrared emission omes from an extended region around the star, and

that the fration of power reeived from the entral point, whih orresponds to the

star itself, is insigni�ant.

A small amount of data was aquired on IRC+10420 during the 1994 observing

season by guiding the telesopes manually. At the time, the interferometer was at its

maximum available baseline of 32m. A histogram of the measured fringe powers is

shown in Fig. 5.10. It an be seen that the fringe visibility at this long baseline, if not

zero, is very small. The average IR

12

was approximately 11 �V

2

for this measurement,

and the visibility resulting from a fringe power of 0.144 �V

2

would be about 0.1.

The point at the shortest e�etive baseline, 0.71 arse

�1

, was not used during

the modeling of IRC+10420. In addition to the systemati drop seen at the shortest

e�etive baselines (x4.1.3), there is unertainty in this value due to the fat that at

0.71 arse

�1

, whih orresponds to 1.6m, one telesope is in the �eld of view of the

other. This overlap ould adversely a�et the auray of the IR power measurement.
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Figure 5.11: IRC+10420 best-�t model. Note the logarithmi sale used for the intensity

pro�le (ompare with Fig. 5.3).

The best-�t model for IRC+10420 is shown in Fig. 5.11. Even though the

entral star is extremely bright ompared to the dust shell, far more power is delivered

by the shell beause of its vastness. The stellar radius r

?

= 0:000427

00

, whih orresponds

to 460 solar radii. The dust shell inner radius is muh larger than for IRC+10011, at

280 r

?

. Beause of the high temperature of IRC+10420, the region where it is ool

enough for dust to ondense lies far from the photosphere. For this model, an inrease

of 10% in r

inner

results in a 230% inrease in �

2

, and a 1% derease in � . An inrease

of 10% in �

outer

produes a 30% inrease in �

2

, and a 10% inrease in � .

Although the best-�t model for IRC+10420 mathed very well with the fringe
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Figure 5.12: IRC+10420 best uniform outow model.

visibility and spetral data, it was neessary to use a radial density pro�le proportional

to r

�0:5

, whih is substantially di�erent from that resulting from uniform dust outow.

Figure 5.12 shows the best model that was possible assuming uniform outow. It is

learly inferior. Thus we an infer that either the assumption of spherial symmetry is

inorret, or else the prodution of irumstellar dust has dereased over time.

5.2.3 Disussion of Results

The ISI visibility urve for IRC+10420 an be ompared at the shortest baselines with

the mid-infrared spekle data of Cobb & Fix [24℄. At a spatial frequeny of 0.9 arse

�1

,
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the ISI fringe visibility is 15% lower than that measured by Cobb & Fix. This ould

indiate misalibration of the ISI data, as disussed in x4.1.3, although there is also a

possibility that the value from the spekle data is too high, sine that measurement

seemed to have a systemati problem whih resulted in rapidly rising visibility values

past 1 arse

�1

.

The ISI radiative transfer model seems to ompare well with other available

measurements. The overall size of the radial pro�le in Fig. 5.11 mathes fairly well with

the size of the Gaussian model given by Bloemhof et al. [13℄, and the inner radius r

inner

=

0:12

00

, whih should not be wavelength dependent (Ivezi� & Elitzur [39℄), mathes almost

perfetly with that derived by Ridgway et al. [80℄. The optial depth � = 0:635 provides

an exellent �t to the mid-infrared spetrum, with the siliate feature in emission.

The fat that the dust shell density in the IRC+10420 radiative transfer model

is radially di�erent from that produed by uniform outow ertainly deserves onsid-

eration. The model power law � / r

�0:5

requires that there be a large amount of dust

far from the inner radius. Humphreys et al. [38℄ point out that the siliate feature and

large fration of extended emission in the mid-infrared argue against a uniform out-

ow. Mutel et al. [70℄ suggested that the dust shell surrounding IRC+10420 might be

a remnant from an earlier stage in the star's evolution. Based on a spetrosopially

measured outow veloity, Bloemhof et al. estimated that the dust emission ourred

on the order of 100 years ago. Nedoluha & Bowers [71℄ interpret their data as possibly

supporting the hypothesis of a large emission during a previous epoh, and Humphreys

et al. onlude, using an outow veloity derived from measurements of CO lines, that

the dust within 1

00

of the star was ejeted within the last 600 years. A relatively reent

dust emission event thus seems to be a likely explanation for the density pro�le in the

ISI model.

The explanation of the model density pro�le must also take into onsidera-

tion the assumption of spherial symmetry. Although a number of the measurements

mentioned in x5.2.1 suggested that the soure is fairly lose to being axially symmetri,

images olleted by Humphreys et al. show muh omplex struture, as well as bipolar

mid-infrared emission oriented in suh a fashion that north-south and east-west base-

lines ould measure the same dust shell size, even though the shell is not irular. If

the dust around IRC+10420 is in the form of a disk, a bipolar outow, or lumps, this

ould ertainly a�et the model parameters. Future ISI observations with two dimen-
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sional overage should eliminate this ambiguity and provide a omplete piture of the

irumstellar environment.
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Chapter 6

Future Diretions

6.1 Improvements to the ISI

Unlike many astronomial telesopes whih funtion as \faility instruments," the ISI

has always been, and ontinues to be, a work in progress. The improved guiding system

is only one of a number of upgrades performed in the reent past. A �lter bank has

been installed in order to measure visibility urves at di�erent wavelengths, and new

detetors with higher quantum eÆieny have doubled the fration of the 11�m signal

deteted, so that it is now about 40%. At the beginning of the 1998 observing season,

a iruit was installed to ompensate for utuations, due to sattered loal osillator

radiation, in the infrared power signal. These utuations have been the dominant

soure of error in visibility measurements of weaker soures, and initial results indiate

that a redution of the utuations by at least a fator of 10 should be possible.

Many improvements to the interferometer are antiipated in the near future.

The Amber amera preampli�er was not designed for low bakground appliations

(x3.4.2), and replaement of this omponent ould potentially inrease the sensitiv-

ity of the guiding system by a few stellar magnitudes. This would allow the observation

of a number of new soures, and would enable the use of tip-tilt orretion on dimmer

soures suh as IRC+10011 and IRC+10420.

Two projets are under way whih will signi�antly enhane the apabilities

of the ISI. The site at Mt. Wilson is being prepared for a baseline roughly twie as

long as the longest one (32m) presently available. In addition, a third telesope is

being built. With three telesopes, the array will have three baselines, one between
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eah pair of telesopes. Various arrangements of the telesopes will allow measurement

of the soure brightness distribution in two dimensions. If three baselines of di�ering

length are used, it will be possible to map out large portions of a soure's visibility

urve without any hange in telesope on�guration. The third element will also make

it possible to ompute a quantity known as the losure phase (Thompson et al. [89℄),

whih is independent of the atmosphere, and ontains fringe phase information whih

is not available to a two-element interferometer.

The above mentioned upgrades provide major improvements in three areas.

First, the longer baselines will give the ISI higher resolution. This will enable au-

rate measurement of angular diameters and will yield details about struture on stellar

surfaes. Seondly, the new phase information and overage of more than one dimen-

sion will eliminate the need to assume axial symmetry about the line of sight to the

soure. Finally, the availability of three simultaneous baselines, along with sensitivity

improvements due to tip-tilt orretion and elimination of infrared power utuations,

will drastially redue the time neessary to map out a omplete visibility urve for a

star.

The visibility urves presented in Chapter 5 took an entire observing season

(about 6 months) to map out. If the average quality of the data is low, it beomes

neessary to spend many nights on the same region of the visibility urve in order to

redue the probable error to suh a level that meaningful onlusions an be drawn. In

addition, it requires at least a week to hange the telesopes to a new baseline. It is

oneivable that with three operating telesopes and a good signal-to-noise ratio, suh

urves ould be measured in a week. Sine it is apparent that many of the typial ISI

targets hange over time (see, for example, Hale et al. [34℄ or Bester et al. [8℄), suh

rapid measurements would have substantial sienti� value.

6.2 Optial and Infrared Interferometry

Although optial and infrared stellar interferometry are still relatively immature as om-

pared with radio interferometry, rapid progress is being made, and the future looks very

promising. Optial interferometers with more than two elements are now produing

two-dimensional maps of stars. The �rst suh result was produed by the Cambridge

Optial Aperture Synthesis Telesope (Baldwin et al. [4℄). A number of good measure-
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ments have reently been made by the Navy Prototype Optial Interferometer (Benson

et al. [5℄, Armstrong et al. [3℄). At Mt. Wilson observatory, another near-infrared and

visible interferometer, the CHARA array (MAlister et al. [62℄), is under onstrution.

Early in the next entury, ambitious e�orts as part of NASA's Origins program

may result in an interferometer using the Kek telesopes (Swanson et al. [85℄), or even

an interferometer in spae (Unwin et al. [91℄). Mid-infrared observations will play a

prominent role in this program. Sattering by dust is muh redued at suh relatively

long wavelengths, allowing the observation of enshrouded objets. In addition, at 10�m,

the ratio between the Plank funtion for an objet at 5800K (a star) and that for an

objet at 290K (a planet) is about 500. At 550 nm, in the visible, this ratio is 10

37

!

Using the relative sizes of the Sun and the Earth, one an alulate that at 10�m, an

Earth-like planet would produe about 10

�7

times as muh radiation as its star. In the

visible, thermal radiation from the planet is negligible. If 10% of the visible starlight

hitting the planet is sattered, it will be about 10

�10

times as bright as the star. Thus,

it will be muh easier to distinguish a planet from its star in the mid-infrared, although

it will still be quite a hallenge.

Even if planet detetion is an elusive goal, it is lear that ontinued progress in

stellar interferometry will allow us to overome the limitations of onventional telesopes

and expand our knowledge of the universe.
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Appendix A

1997 Results on CIT 6

The observing season at Mt. Wilson typially lasts from early May through early Novem-

ber. During this period, the weather and seeing onditions are usually quite good, and

though there are oasionally high louds, rain and fog are quite rare. There an be a

few good nights outside of this window, but most of the useful data gathered by the ISI

have been obtained during the normal observing season.

This situation results in a preferene for soures whih are available all night

during the summer months. Other soures, whih appear loser to the Sun during the

summer, are more diÆult to ollet a omplete set of data on in one season. CIT 6,

in the onstellation Leo Minor, is one of these latter soures. We had originally hoped

to measure the omplete fringe visibility urve for CIT 6 in 1997, sine the new guiding

system is able to trak this soure, whih was inaessible to the old silion CCD guider

amera. Unfortunately, by the time the telesope servo system was repaired after a

failure in the spring, CIT 6 was setting with the Sun. When it emerged later in the

summer, observations of other soures (mainly IRC +10216) were given preedene.

Despite this unfortunate situation, CIT 6 was observed on the nights of O-

tober 20, November 22, and November 24. Valid data were obtained on Otober 20

and November 22, and the resulting points are shown in Figs. A.1 and A.2. The av-

erage position angle of the e�etive baseline during the measurements at 4.2 arse

�1

was 305.6 degrees, where 0 degrees is north and 90 degrees is east. For the point at

6.5 arse

�1

, the average position angle was 340.5 degrees.

The pauity of data on this soure does not prevent us from drawing some

onlusions from the visibility values whih we have. The two relatively low values
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Figure A.1: Data points taken on CIT 6 with the interferometer on a 9.6m baseline.

Points taken on the 16.1m baseline are not shown, sine some negative fringe power

measurements prevented the alulation of individual visibility values.
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Figure A.2: Averaged fringe visibility values for CIT 6. The point at 4.2 arse

�1

is the

average of the points shown in Fig. A.1. The visibility value at 6.5 arse

�1

was derived

from the averages of the 16.1m baseline fringe power and infrared power measurements.
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shown in Fig. A.2 indiate that a substantial fration of the power from the star and

its dust shell has been resolved by the time the spatial frequeny reahes 6.5 arse

�1

.

This puts some onstraint on the spatial extent of the 11�m emission.

In Fig. A.3 a simple Gaussian �t is shown with the two data points. The result-

ing 11�m radial intensity pro�le (stritly valid only for a position angle of 306 degrees,

unless spherial symmetry is assumed) is shown in the lower half of the �gure. As an

be seen, the ux at angular radii beyond 0.25

00

is negligible. At an estimated distane of

380 parse to CIT 6 [60℄, 0.1

00

orresponds to 38 au, whih is roughly the same as Pluto's

average distane from the Sun. The data therefore demonstrate the enormous extent of

the dust shell around this star.

More detailed information about the dust shell surrounding CIT 6 will beome

available in the near future, either from further ISI observations or from images taken

with a mid-infrared amera on the Kek or another omparably sized telesope.
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orresponds to a Gaussian radial intensity pro�le with a FWHM of 0.15
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.
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Appendix B

ISI Guiding System Manual

This manual desribes the operating proedures, soure ode, network ontrol interfae,

and omputer hardware of the ISI telesope guiding system. The information presented

here is spei� to the ISI guiding system, and it is assumed that the reader has some

familiarity with routine operation of the ISI, as well as some understanding of TCP/IP

omputer networks. For more detailed information about the operation of the guider

amera and its ontrol interfae, see the Amber 4128 Infrared Camera System manual.
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B.1 Startup and Shutdown Proedures

Startup:

1. Cool the guider amera.

After heking that the guider lens and dewar window are properly ov-

ered, remove the gold-olored plug from the top of the amera dewar. Insert the

�ll funnel into the dewar and �ll with LN

2

poured from the green thermos

bottle. The guider amera takes approximately 30 minutes to ool to

77K.

2. Turn on the guider amera ontrol box.

Boot-up takes approximately 100 seonds.

3. Remove the dewar window over.

Reah over the front of the dewar with your left hand and pull on the knurled

knob with your thumb and fore�nger while holding the top of the over with your

right hand. Do not turn the knob.

4. Remove the overs from the guider lens and dihroi beamsplitter.

5. Start the isiguide program on the guider PC.

Turn on the monitor and omputer if neessary. If the omputer is running

the ftp server, press the d key to exit. At the prompt, type isiguide to

start the program.
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Shutdown:

1. Quit the isiguide program.

Type Q on the guider PC. Note that the Q must be apital. Type f followed by

the Enter key to restart the ftp server.

2. Replae the gold-olored plug in the dewar.

3. Replae the dihroi beamsplitter and guider lens overs.

4. Replae the dewar window over.

Make sure the over is ompletely inserted. Do not turn the knob.

5. Turn o� the amera ontrol box.
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B.2 Pani Abatement Guide

� The isiguide program froze or quit when I tried to start it.

Make sure that the amera ontrol box is on and has booted up. The isiguide

program will not run if the ontrol box is o�. After boot-up, the message ADJUST

CAMERA should appear in the ontrol box display. Make sure that the FPA CLOCK

swith on the amera ontrol box is set to 'INT'. Type isiguide to restart

the program. If you do not have a prompt, type Control-C or Control-Break,

or reboot (press the reset button on the front of the omputer) if neessary.

� I'm pumping on the liquid nitrogen, and vertial stripes are starting to

appear in the image, ruining the guiding.

The best present theory is that this problem is aused by errati behavior of the

silion readout eletronis on the foal plane array at temperatures near 55K.

Momentarily vent the vauum system with the �nger-operated valve, then lose

o� the pumping valve a bit so that the amera stabilizes at a slightly higher

temperature.

� The gray levels on the video sreen are all messed up.

Chek to see that the LUT SELECT swith on the amera ontrol box is set to 'A'.

� Something went wrong with the PC and now it is talking to me in big,

ugly letters.

Type textmode or restart the isiguide program.

� There are bad pixels on the PC sreen whih do not appear on the

video monitors.

Run the getvtabl program on the guider PC. This program gets the orretion

table from the ontrol box. It takes approximately 3 minutes to run.

� The isiguide program quits and says it an't �nd the vetor table �le.

See previous item.

� The amera dewar �ll funnel is not draining, and the LN

2

is alm in

the funnel.

Chek for blokage with the wire dipstik.
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� The amera dewar �ll funnel is not draining, and the LN

2

is spurting

all over the plae.

Wait for about a minute while the dewar ools. This problem typially ours

when the dewar is almost full and the LN

2

ontats the warmer upper setion of

the ontainer. The dewar should be topped o� when the spurting stops. If the

spurting does not stop, the dewar may need to be pumped out.

� The isiguide sreen is all messed up from error messages.

Press r to refresh the sreen. Chek to make sure that the requests oming from

the network are orret.

� The isiguide program hung and said that there was an I/O ard parity

interrupt.

Turn o� the guider PC. Wait 10 seonds. Turn the PC on and try again.

� I turned on the amera ontrol box and it ame up with an error mes-

sage instead of the usual ADJUST CAMERA.

Turn o� the amera ontrol box. Wait 10 seonds. Turn the ontrol box bak on.
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B.3 Camera Calibration Proedure

This setion ontains step-by-step instrutions for alibrating one of the Amber am-

eras. For more information about what is atually happening when you arry out these

instrutions, see the setion on 'Calibration and System Start Up' in the Amber manual.

1. Plae the alibration target in front of the guider lens.

Use aution when working near the guider optis. The target post should

sit in the short post holder on the optis table. When properly mounted, the target

should be about 66mm from the front surfae of the guider lens, with the 1 m

diameter white irle faing the amera. Make sure that the target is perpendiular

to the axis of the guider optis, and that the overs have been removed from the

guider optis. The target is kept in a post holder near the amera on the optis

table.

2. Make sure that the amera ontrol box is on and has booted up.

3. Quit any program whih is running on the guider PC.

If isiguide is running, type Q to quit. At this point, you should have a DOS

prompt.

4. On the guider PC, type

telnet -s amber

Wait for the telnet program to start, then press the left arrow key to get a menu.

If the menu does not appear, try typing a apital Y, followed by the Enter key.

Then press the left arrow.

5. Using the arrow keys, selet INIT SYSTEM and press the Enter key.

Respond with y to the request for on�rmation. Wait for initialization to omplete.

6. Using the menu system, selet the desired frame rate and integration

time.

7. Make sure the amera is looking at the white irle at the enter of the

target.

8. Plae the inandesent lamp so that the guider amera �eld of view

is uniformly illuminated. THIS SHOULD BE CHECKED ON THE
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VIDEO MONITOR. If using a frame rate lower than 109 per seond, turn o�

the room lights.

9. Using the arrow keys, selet 2-PT CALIBRATE and press the Enter key.

Respond with y to the request for on�rmation.

10. Hit a key on the guider PC to begin alibration.

The amera will take 8 old frames.

11. Turn on the inandesent lamp and hit a key on the PC.

The amera will take 8 hot frames and realulate the orretion tables.

12. After alibration (about 20 seonds), press a key for on�rmation.

If there is an error, suh as '>1024 BAD', hek all optis and hardware (espeially

the lamp and target), and repeat the alibration.

13. Type Alt-X to exit the telnet program.

14. Return the target to the storage loation.

15. Run the getvtabl program on the guider PC.

Do this by typing

getvtabl

at the DOS prompt. If you do not do this, the alibration will not be taken into

aount by the PC. The getvtabl program takes approximately 3 minutes to run.
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B.4 Pumping on the Liquid Nitrogen for Weak Star Ob-

servations

1. Fill the amera dewar with liquid nitrogen. When �nished, you should have

about 4 inhes of LN

2

in the dewar, as measured by the dip stik.

2. Turn on the amera ontrol box.

3. After the box has booted up, run

init system

from either the amera ontrol box front panel, or a

telnet -s amber

session on the guider PC.

4. Make sure that the guider amera lens ap is properly inserted so that

no stray light an reah the array.

5. Start isiguide on the guider PC, hange the frame rate to 1 frame per seond,

the global gain to 1, and the global o�set to 0. This an be aomplished from

the guider PC onsole by typing, in slow suession, the lower ase letters

 f h z

You will use the mean pixel value displayed on the PC sreen as a measure of the

dark urrent as you pump on the amera.

6. Assemble the pumping seal and insert the pumping hose into the seal

and dewar mouth. The seal is assembled with the o-ring on the bottom, touh-

ing the rim of the dewar mouth, the o-ring positioner above the ring, and the

srew top holding them down.

7. Turn on the rough vauum pump.

8. Open the pumping valve about 1/4 turn until you see LN

2

just start to boil

up into the hose, then lose the valve o� a little to stop the boiling.

9. Pump for about 10 or 15 minutes, open the valve again until you see boiling,

then lose it o� just enough to stop the boiling.
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10. By this time, you should be seeing the mean pixel value drop on the

guider PC sreen. Wait until the mean drops below about 850 ounts, then lose

the valve down until it is only open by about a 70-80 degree turn.

11. Wait about 10 minutes to see if the mean pixel value is stable. If not, lose the

valve o� a bit if the ounts are falling, and open it a bit if the ounts are rising.

12. One the mean value is stable, quit isiguide, hange the amera frame rate

to 7 frames per seond, remove the lens ap, and do a two-point alibration of

the guider amera. A good hot soure for this alibration is one of the standard

inandesent lights shining at the eiling aross the room.

13. Run getvtabl on the guider PC.

14. Start isiguide and swith to 7 frames per seond.

NOTE: If while you are observing, twinkling vertial lines appear on the guider sreen,

open the pumping valve all the way and let in some air through the rough pump vent.

The lines should disappear almost immediately. As soon as they are gone, lose down

the valve to a position slightly more losed o� than you had it before removing the lines.
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B.5 Camera Dewar Evauation

In order to maintain their rated hold time of 10 hours, the guider amera dewars must

oasionally be pumped out. The Amber dewars have performed very well, and this

proedure has typially been arried out only twie per observing season. Detailed

instrutions for this proedure are in the Amber amera manual in the \Operation"

setion on page 16. The attahment for the hose to pump out the dewar is losed o�

with a blank ange, and is mounted on the vauum hose onneting the old load,

signal, and phase lok (or path length ompensator) dewars. Although in step 4 of the

pumping proedure, it says to evauate the foreline before threading the knob extension

into the dewar plug, experiene has shown that The knob extension should be

threaded into the dewar plug before the pumping is started. The plug an

then be removed (by pulling on the knob) after the foreline is evauated.
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B.6 Control Program and Network Interfae

B.6.1 Soure Code Desription

The soure ode of isiguide is a C language program of approximately 4500 lines. The

ode is divided into 10 soure modules (�les) and a header �le. There is also an asso-

iated makefile for building the program. The ode an be found under the isisoft

home diretory in the gdr subdiretory on the UNIX workstations. The ode must be

ompiled (and run) on the guider PCs, where it is kept in the guider subdiretory

under the C: drive root diretory. The urrent operational versions of the exeutables

are kept in a diretory alled ustom, also under the C: root diretory. This should

be kept in mind when modifying the guider ode, sine C:\CUSTOM preedes

C:\GUIDER in the guider PC exeution path. The exeutables are named isiguide.exe

and getvtabl.exe.

It should be noted that there is a funtion in the isiguide ode alled

ms pause(). This funtion, de�ned in the module serial., pauses for a given number

of milliseonds. This funtion is urrently implemented as a loop, and is thus dependent

on proessor speed. This was done to obtain improved auray in timing, but must

be hanged if the ode is ported to a mahine other than a 66 MHz Intel 486-based

PC. It should also be noted that this approah to implementing a delay would not be

aeptable under a multitasking operating system.

Communiation with the amera ontrol box is arried out over an RS-232

serial line using ommands whih are doumented in the Amber amera manual. The

frame grabber ard, manufatured by Dipix, is responsible for aquiring the digital

image data, whih is sent over a ribbon able from the amera ontrol box. The Dipix

ard ame with a library of C language routines whih are used to transfer the image

from the ard to the guider PC memory. The ard and aompanying software are

thoroughly desribed in the Dipix doumentation.

The tip-tilt stage is driven via a simple digital to analog onverter (DAC) ard,

the output of whih is sent to ampli�ers whih multiply the DAC voltage by a fator of

10.

Communiation between isiguide and the servo system is aomplished using

an interfae box ontaining a miroontroller. The new servo system, whih will aept

ommands over the ethernet, will make this box obsolete. The box is driven over an
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RS-232 serial line.

Sine the guider PCs are running the MS-DOS operating system, whih does

not support networking, the Sun Mirosystems PC-NFS pakage and the assoiated

programmer's toolkit are used to provide the networking servies. Slight di�erenes

exist between alls in this toolkit and the standard UNIX equivalents. The toolkit

manuals an be onsulted if onfusion should arise about the network ode. The PC-

NFS pakage is now obsolete, and is no longer available.
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B.6.2 Network Interfae General Information

The isiguide program runs as a network server, and does not know whih guider

PC it is running on, nor whih telesope it is ontrolling. This allows the guider ode

to be idential on all PCs. It is the responsibility of the entral omputers (the ontrol

workstation and the real-time omputers) to determine whih PC is to reeive whih

ommands. In the event that this situation needs to be hanged, as for example when

the guider ode must be modi�ed to ommuniate with the new servo system over

the ethernet, it is strongly suggested that the isiguide program be modi�ed to

determine its identity dynamially so that the guider ode remains idential on all

mahines.

The isiguide program responds to ommand requests made over Transmission

Control Protool (TCP) onnetions to one of four ports, PICPORT, TBPORT, VMEPORT and

CMDPORT, all de�ned in isiguide.h. The ommand protool is the same for the four ports,

and is desribed below. All TCP onnetions are losed immediately after exeution of

the requested ommand. While this strategy may slightly inrease response time, it has

the overwhelming advantage of keeping the guider PCs independent of the other ISI

omputer systems during startup and operation.

During normal operation of the telesopes and guiding system, trakball and

some guider ommands are sent over the network from the ontrol workstation by the

yguider user interfae program. This program provides a graphial interfae for on-

trolling the guiding system. The yguider program is a multi-threaded Motif-based C

language program of approximately 2500 lines. The soure ode for yguider an be

found under ~isisoft/els/ on the UNIX workstations.

The proedure for handling a network request is as follows. When a onnetion

request omes in from the network, isiguide alls the funtion answer all(), loated

in the module network.. This routine aepts onnetions from any mahine with

an 'isi' or a 'vme' in its name. (NOTE: Aess ontrol has been disabled as of 20

September 1996 in order to improve response time and prevent Domain Name Servie

requests from the PCs, whih must be sent outside of the ISI telesope network segment.)

One the alling host has been veri�ed, the onnetion is made, and a �le desriptor

for the open onnetion is returned. At this point, the onnetion is direted to the

appropriate servie routine, all of whih are loated in ontrol.. The servie routine
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then alls the funtion read ommand(), also loated in ontrol.. read ommand()

reads the ommand request from the network. It has various features to prevent an

errant ommand request from stopping the guiding (this an happen beause MS-DOS

is a single-tasking operating system). If the network onnetion stalls for more than

3 seonds, it is losed. Also, the ommand requests are limited to 64 haraters. The

ommand is read up to the �rst linefeed or arriage return harater. After the ommand

is read, the servie routine either performs the ommand if the request is valid, or sends

bak an error message over the network if the ommand is not valid.

For debugging or other purposes, ommands to TBPORT and CMDPORT may be

sent diretly to the guider PC using the sok program, whih is available on the SPARC

workstations. For example, to send a ommand to TBPORT on isiam1, one might log in

to isi10 and type

sok -v -h isiam1 56804

where here TBPORT is 56804. After the onnetion is made, one ould type a ommand,

suh as

rset

followed by a return. For CMDPORT ommands, there are sripts available on isi5 and

isi10 alled g1, g2, and g, whih send a ommand to guider 1, guider 2, or both

guiders, respetively. For example,

g1 x

issued from the prompt on isi10 would toggle the aim box on guider 1. There are also

sripts available on isi10 alled tb1 and tb2 for sending ommands to TBPORT.
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B.6.3 Piture Request

A request to the isiguide program to return the urrent image from the guider amera

an be made by opening a TCP onnetion to PICPORT. Requests to this port are handled

by the routine servie pirequest(), loated in the module ontrol.. The three

harater request 'pi', in lower ase letters, plus a terminating linefeed or arriage

return, must be sent over the TCP onnetion. If the orret request is reeived, isiguide

returns the image over the TCP onnetion, one byte per pixel, with values from 0 to

255, where 255 represents the brightest possible pixel. The image is sent row by row

starting at the upper left hand orner. With the urrent array size of 128�128, the

returned image is 16,384 bytes. The onnetion is then losed. If an inorret request

is reeived, a brief error message is returned, and the onnetion is losed.
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B.6.4 Trakball Commands

The trakball interfae to the isiguide program is aessed by opening a TCP onnetion

to TBPORT. Requests made to TBPORT are handled by the routine servie trakball(),

loated in the module ontrol.. A request sent to TBPORT must onsist of 4 or more

haraters plus a terminator, in the following form:

[n...℄t

where the �rst four haraters () are the ommand to be exeuted. If required by

the ommand, the subsequent haraters (n...) represent a oating point number, and

the last harater (t) is a terminating linefeed or arriage return. An example of a valid

ommand is "+sy20.0\n" whih would move the telesope suh that the image on the

guider sreen would move down by 20.0 ar seonds (The guider sreen oordinates are

positive to the right in x and positive down in y).

The trakball ommands are as follows. A number equal to the angle to be moved in ar

seonds and a trailing linefeed or arriage return are to be appended to eah ommand

(exept for mark and rset, whih require no number) listed here before it is sent over

the TCP onnetion:

+alt This ommand moves the telesope so that it is looking at a position greater in

altitude on the sky by the spei�ed angle in ar seonds. For example, +alt23.2

would move the telesope to a position 23.2 ar seonds greater in altitude on the

sky. Note that inreasing altitude on the sky will not neessarily move the star

parallel to one of the sreen axes, will not neessarily move only one telesope

axis, and will usually make the star move down on the amera sreen.

Tehnial Note: In order to send pure telesope azimuth and altitude ounts,

one must set the �eld rotation angle to 0 with the guider ommand '0R0', and

one must also set the guider oordinate transformation matrix to be diagonal, for

example with the guider ommand '0E230 0 0 150'. alt and azi ommands will

then result in pure movements of the orresponding telesope axis. After this is

done, the guider oordinate transformations and rotation angle must

be updated before the guiding will work again.

-alt This ommand moves the telesope down in altitude on the sky by the spei�ed

angle in ar seonds.
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+azi This ommand moves the telesope to a position greater in azimuth on the sky by

the spei�ed angle in ar seonds. The azimuth angle on the sky inreases as one

moves from north through east and south to west and bak to north.

-azi This ommand moves the telesope to a position smaller in azimuth on the sky

by the spei�ed angle in ar seonds.

+sx This ommand moves the telesope suh that the x oordinate of the star image

on the guider amera sreen inreases by the spei�ed angle in ar seonds. The

guider amera sreen oordinate system uses two oordinates, x and y, suh that

when one is faing the sreen, x inreases to the right, and y inreases downward.

For example, the ommand '+sx7.5' would have the e�et of moving the star

image 7.5 ar seonds to the right on the guider amera sreen. The sreen is

128�128 pixels, with eah pixel orresponding to 0.3106 ar seonds on the sky

(this is the SECSPERPIXEL onstant, de�ned in isiguide.h), so the width and

height of the sreen are both 0.3106�128 = 39.8 ar seonds.

-sx This ommand moves the telesope suh that the x oordinate of the star image

on the guider amera sreen dereases by the spei�ed angle in ar seonds.

+sy This ommand moves the telesope suh that the y oordinate of the star image

on the guider amera sreen inreases by the spei�ed angle in ar seonds. For

example, the ommand

tb1 +sy10.0

issued from the UNIX workstation would have the e�et of moving the star image

10.0 ar seonds down on the guider amera sreen in telesope 1. See the +sx

ommand above for an explanation of sreen oordinates.

-sy This ommand moves the telesope suh that the y oordinate of the star image

on the guider amera sreen dereases by the spei�ed angle in ar seonds.

mark This ommand inorporates the urrently added ounts in the servo miropro-

essor and sets the added ounts to zero. This ommand should not be followed

by a number. For example, one ould send the string "mark\n" over the TCP

onnetion.
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rset This ommand removes the added ounts in the servo miroproessor. This om-

mand should not be followed by a number.
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B.6.5 Guider Commands

An extensive set of ommands is aepted over a TCP onnetion to CMDPORT or VMEPORT

in order to allow remote ontrol of the guiding system by xobserve and the real-time

omputers. Command requests to the two ports are treated identially. VMEPORT was

only reated in order to prevent a problem whih was aused by a aw in the PC-NFS

network software. All programs whih run on the UNIX workstations use CMDPORT,

and the real-time omputers use VMEPORT. The ommands issued to these ports are

interpreted by the servie ommand request() routine, loated in module ontrol..

The ommands onsist of a variable length message sent over the TCP onnetion in the

following format:

NL[L...℄[n...℄t

N is a single digit whih usually indiates whih telesope the ommand is meant

for. This digit is ignored by the isiguide program, but MUST be present for

spaing purposes. This digit is automatially supplied by the g sripts!

L[L...℄ represents one or more haraters whih indiate what the ommand is. See

desriptions below.

[n...℄ represents one or more haraters whih make up a number to be read by either

the atof() or the atoi() funtion. This �eld is not always present.

t is a termination harater whih may be a linefeed or a arriage return.

The ommands (L[L...℄ �eld above) are as follows:

� Spiral searh. This ommand begins the spiral searh. During the spiral

searh, the only reognized ommand is '~'.

~ Abort spiral searh. This ommand auses the spiral searh to be aborted with

the telesope left in its urrent position. This ommand is not reognized

exept during a spiral searh.

& Enter hopping mode This swithes the guiding system into an experimental

mode where the tip-tilt mirror is used to hop on and o� the star using the mirror's

maximum possible throw. The system will leave hopping mode upon reeipt of

the 7 ommand.
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7 Exit hopping mode. This ommand is used to exit the experimental hopping

mode. See the & ommand for more information.

a Automati ontrast adjustment. This ommand adjusts the ontrast by tak-

ing 4 frames and then hanging the global gain and o�set in the Amber amera

ontrol box. See the Amber manual for more information about the global gain

and o�set adjustments.

eb Toggle bakground subtration. Bakground subtration is performed on the

guider PC. Although the subtration is taken into aount by the PC, you will

not see a hange on the video display.

eg Grab bakground frame. Grabs a frame to be used as the bakground when

bakground subtration is ativated.

E Set values in the oordinate transformation matrix. This ommand is used

to provide the guider PC with values for 4 variables, azAzCountsG, azAltCountsG,

altAzCountsG, and altAltCountsG. These values tell isiguide how many en-

oder ounts to move eah telesope axis in order to move a given distane on

the sky. Sine isiguide is not aware of where the star is in the sky, these val-

ues must be supplied by the real-time omputers. For ompatibility reasons, the

numbers supplied in the ommand represent the number of ounts required to

move 10 ar seonds on the sky. Internally, however, isiguide stores the number

of ounts required to move 1 ar seond. In other words, isiguide divides the

supplied numbers by 10 before storing them in the variables. For example, to re-

set the transformation matrix to its default values, one would send the ommand

'0E230 0 0 150'. The ommand spei�es 4 numbers, separated by spaes. These

numbers orrespond to the 4 variables listed above in the order given there. If

the example ommand were reeived, therefore, the number 230 would be di-

vided by 10, and the value 23.0 would be stored in the variable azAzCountsG.

isiguide would then know that in order to move 1 ar seond in azimuth on

the sky, it would have to send 23.0 ounts to the telesope azimuth servo. Like-

wise, azAltCountsG stores the number of telesope altitude axis enoder ounts

required for a 1 ar seond movement in azimuth on the sky, altAzCountsG stores

the number of telesope azimuth axis ounts required for a 1 ar seond movement
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in altitude on the sky, and altAltCountsG ontains the number of telesope alti-

tude ounts neessary for a 1 ar seond altitude movement on the sky. Although

the default matrix is diagonal (the altAzCountsG and azAltCountsG ross terms

are 0), in general this will not be the ase, and both telesope axes will need to

be moved in order to move along a given sky oordinate. In order to manually set

the transformation matrix, one ould type

g 'E230 0 0 150'

on the UNIX ommand line. Note that quotes are neessary in the UNIX om-

mand beause of the spaes in the guider ommand message. See the R ommand

for related information.

f Set frame rate. This ommand sets the frame rate for the guider amera. The

following values, in frames per seond, are aepted: 1, 3, 7, 14, 27, 54, 109, and

217. The default value upon startup is 109. Example:

g1 f27

would set the frame rate to 27 frames per seond for guider 1. See the i ommand

for information about the integration time.

gn Turn o� guiding. isiguide will disable the guiding. This also works in tip-tilt

mode.

gy Turn on guiding. isiguide will enable the guiding loop. After a star has been

loated in the �eld of view, it will be moved to the enter of the aim box, and the

'loked' indiation will appear on the video sreen and the guider PC monitor.

gt Turn on tip-tilt. If loked on a star, isiguide will enter the tip-tilt loop.

h Remove guiding o�set. This will enter the star during position swithing.

The urrent guiding o�set is stored in the global variables guidingOffsetG[0℄

and guidingOffsetG[1℄, whih hold the sreen x oordinate o�set and sreen y

oordinate o�set, respetively.

hd Set guiding o�set to the 'down' position. This auses guiding about a

position whih is SMALLMOVE ar seonds down on the sky from the enter of

the sreen. Rarely will a motion in a partiular diretion on the sky orrespond

to motion in the same diretion on the guider sreen. The sreen x and sreen
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y o�sets are omputed using the rotation angle, fieldRotAngleG and stored in

guidingOffsetG[0℄ and guidingOffsetG[1℄. BIGMOVE and SMALLMOVE are de-

�ned in isiguide.h.

hD Set guiding o�set to the 'far down' position. This auses guiding about a

position whih is BIGMOVE ar seonds down on the sky from the enter of the

sreen. See the hd ommand for more information.

hl Set guiding o�set to the 'lose left' position. This auses guiding about a

position whih is SMALLMOVE ar seonds left on the sky from the enter of the

sreen. See the hd ommand for more information.

hL Set guiding o�set to the 'far left' position. This auses guiding about a po-

sition whih is BIGMOVE ar seonds left on the sky from the enter of the sreen.

BIGMOVE is de�ned in isiguide.h. See the hd ommand for more information.

hq Hotspot query. The response to this ommand is a string ontaining the urrent

values of the IR guiding o�set (see the hx ommand below). Example:

g hq

will show the values of the IR guiding o�set. The IR guiding o�set is often referred

to as the 'hotspot'.

hr Set guiding o�set to the 'lose right' position. This auses guiding about a

position whih is SMALLMOVE ar seonds right on the sky from the enter of the

sreen. See the hd ommand for more information.

hR Set guiding o�set to the 'far right' position. This auses guiding about a

position whih is BIGMOVE ar seonds right on the sky from the enter of the

sreen. See the hd ommand for more information.

hu Set guiding o�set to the 'up' position. This auses guiding about a position

whih is SMALLMOVE ar seonds up on the sky from the enter of the sreen. See

the hd ommand for more information.

hU Set guiding o�set to the 'far up' position. This auses guiding about a

position whih is BIGMOVE ar seonds up on the sky from the enter of the

sreen. See the hd ommand for more information.
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hx Set IR guiding o�set x omponent. The IR guiding o�set, often referred to as

the 'hotspot,' is stored in the global variables irOffsetG[0℄ and irOffsetG[1℄,

whih ontain the sreen x and y omponents of the o�set, respetively. This o�set

is independent of, and in addition to, the guiding o�set desribed above. Unlike

the guiding o�set, the IR guiding o�set is spei�ed in sreen oordinates. The

IR guiding o�set is stored on disk, and an be reloaded when isiguide starts

up. This feature is urrently disabled in order to prevent onfusion about the

behavior of the guiding system. The values of the IR guiding o�set are returned

by the hq ommand (see above). The number �eld of the hx ommand onsists of

a single oating point number whih is the o�set from the enter of the sreen in

ar seonds. Example:

g hx-2.3

would, in the absene of a guiding o�set, ause the guiding to be entered about

a position 2.3 ar seonds to the left of enter on the sreen for both guiders.

NOTE: The use of an IR guiding o�set is disouraged by the author until suh

time as a reliable and repeatable method for determining the proper value of the

o�set is found. The usual beam mapping proedure does not seem as reliable as

a simple realignment, and the author does not know what �eld rotation angle is

used to ompute the suggested o�set produed by the beammap program. There

is a very good hane that the angle is inorret.

hy Set IR guiding o�set y omponent. See the hx ommand above.

i Set integration time. This ommand sets the fration of the inverse frame rate

during whih the guider amera ollets light. The n �eld of this ommand is an

integer between 0 and 62, whih is the integration time in 64ths of the inverse

frame rate. The default value upon startup is 52. Example:

g i61

would set the integration time to 61/64 of the inverse frame rate for both guider

PCs. See the f ommand for more information about the frame rate.

n Normalization ontrol. This ommand turns the normalization of the PC

display image brightness on or o�. It has no e�et on the video monitor display

and is rarely used over the network.
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R Set �eld rotation angle. This angle, whih is stored in the global variable

fieldRotAngleG, is the angle between the guider sreen vertial diretion and

the vertial diretion on the sky (toward the zenith from where the telesope

is pointed). In the isiguide program, this angle ranges from -180 degrees to

+180 degrees, with 0 degrees meaning that down on the guider sreen (+y) is the

diretion on whih a line in the sky from the star (at the enter of the guider �eld

of view) to the zenith would lie if imaged onto the sreen. The rotation angle

inreases as the imaged line from the sky moves lokwise on the guider sreen.

If this angle is zero, then an inrease in elevation of the observed point on the

sky will result in a pure vertial motion on the guider sreen. This de�nition

of the �eld rotation angle di�ers by a sign from that alulated by the real-time

system, so the sign of the angle spei�ed in the ommand is ipped before the

rotation angle is stored in fieldRotAngleG. The number �eld of this ommand is

an integer speifying the angle in degrees. Example:

g2 R74

would set the �eld rotation angle for guider 2 to 74 degrees. See the E ommand

for related information about the guider oordinate transformation.

s Status Request. This ommand has the isiguide program return the value of

its statusFlagG global variable over the TCP onnetion. As an example, to send

this ommand, one would write the string "0s\n" to the �le desriptor representing

the TCP onnetion to CMDPORT. Alternatively, one ould use the g1 sript:

g1 s

statusFlagG is a single harater whih an be

'S' Searhing for star.

'L' Loked on star.

'D' Disabled.

'T' Tip-tilt loop running.

t Set tip-tilt position. This ommand, whih requires two spae-separated num-

bers, sets the sreen x and y positions of the star using the tip-tilt mirror. For

example, if the guiding were disabled and the ommand

g2 't1.0 -1.5'
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were issued on the UNIX ommand line, The star on guider sreen 2 would move

1.0 ar seond to the right and 1.5 ar seonds up. The maximum throw of the

tip-tilt mirror in any diretion is 2.12 ar seonds, so

p

x

2

+ y

2

should be � 2:12.

x Toggle aim box. This ommand turns the 4 ar seond aim box on or o�

(depending on its urrent state) on the guider display.
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B.6.6 Guider PC Hardware Con�guration

This setion ontains misellaneous tehnial details about the hardware on�guration

of the guider PCs. The ISI guiding system urrently runs on two 66MHz Intel 486-based

PCs, one for eah telesope. The PCs eah ontain 4 expansion ards:

1. CD-ROM interfae ard. IRQ: 15, memory address: 0x170.

2. 3COM network interfae ard. IRQ: 10, memory address: 0x300.

3. Dipix P360F frame grabber. Memory address: 0x310. No interrupt level.

Jumpers are set as spei�ed for the Amber Camera in the Dipix Camera Interfae

Manual.

4. DAC (tip-tilt driver). Memory address: 0x330. No interrupt level. DIP

swithes on this ard are set as follows, with U being up and D being down:

Address seletor: DDUUDD

Gain Seletor: DUUDDD (all gains set to 0{10 Volts)

The wait state was left o�. Jumpers were moved to the position losest to the

DIP swithes in order to selet simultaneous update of all hannels. The outputs

of the DAC are on pins 18, 16, and 14 of the D-shell onnetor for hannels 0, 1,

and 2 respetively. Ground is on pins 19, 17, and 15. Although the three hannels

are also referred to as A, B, and C and 1, 2, and 3, the same order is maintained

all the way through the ampli�ers to the piezoeletri stage.
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X typesetting pro-
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used at any stage during the writing of this dissertation.

I would like to express my gratitude to the authors of the above mentioned

software for the are whih they put into their work, and for demonstrating that as far

as software is onerned, the best things in life really are free.


