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MEASUREMENTS OF STELLAR SPECTRA USING A SILICON PHOTODIODE ARRAY

A. Humrich, B.Sc., M.Sc.

Abstract

This work describes the preparaticn and use of the Plessey linear
photodiode array in the observation of some stellar spectral features.
An outline of The principles of the construction and operation of the
diode array, along with some preliminary laboratory test results, form
the initial part of this thesis. A suitable xy-movement control was
designed and constructed, as well as the cryostat which was used to
house the array at the coudé focus of the telescope. Constraints at
the telescope imposed several limitations, all of which had to be
taken into consideration. The general experimental operation, signal
processing, and control logic are all described, along with the data
acquisition and storage techniques. Data reduction and analysis
methods were developed to deal with difficulties peculiar to fhis
type of photodiode array system. A theoretical investigation into

the effects of the array geometry on the collection of spectra is

described.

On the astronomical side, observations of the neutral oxygen triplet
at A7774 form the major set of results obtained. The equivalent width
of A7774 can give information about the temperature absolute magnitude,
and luminosity of many types of stars. The role of non-LTE is

discussed, as well as its effect on The measurements of line widths.

Finally, fthe phenomenon of stellar mass loss is outlined. UnfofTun—
ately, few results were obtained in this investigation. However, a
description of the reasons behind the loss of matter from stars is
given, along with probable mass loss mechanisms, features, and
detection. A brief word on mass loss rates is included, but the lack

of sufficient results in this region pre-empted any quantitative

comparisons.
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CHAPTER ONE
INTRODUCTION

For many years now, computers have played an essential role in
analysing the vast amounts of data that can be obtained from even the most
simple of experiments, However, analog readings from meters ({eq. pofnter
deflections measured in some quanta of degrees of arc) have had to be
converted manually to a form suitable for computer input. One of the
most significant advances in data acquisition was the development of the
digital voltmeter, or DVM., In effect, this piece of equipment is an analog
to digital converter (ADC). An infinitely variable signal (voltage) is
the input, and this is converted to a form which can be displayed such
that it can be transcribed to some permanent record (eg. log book or
computer keyboard terminal) with no further conversion necessary by the
experimenter. High accuracy devices can be obtained which can improve on
the accuracy of the human eye watching a meter. Moreover, this DVM output
signal can be tapped before it reaches the numerical display of the deviée
where it éti]l.exists in its binary coded form. This is where one finds
the use of the computer invaluable. As the computer only deals with binary
signals, we now have available the possibility of continual monitoring of
the output voltage of an experiment with no intermediate data conversion
steps requiréd by the experimenter. The output can be either stored in the
computer or in some other storage medium, or it can be displayed to the
experimenter, Therefore, any experiment where the output can be expressed
in binary form is greatly suited to computer usage where it is possible to

carry out immediate analysis of the data.

1.1 Early Observations

Throughbut history, astronomers have been recording their observations
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of the skies in many different ways, More than about 400 years ago, the
only astronomical instruments available were the eyes of the observer. The
first astronomers to use telescopes could still only record their observations
with the materials available to them at the time - they had to make freehand
drawings of what they saw through their telescopes. Each '"recording session"
could take a fairly long time to complete. By the end of the 19th century,
the development of sufficiently sensitive photographic materials for
astronomical purposes had taken place. ‘With this new tool available to
the astronomers, ''exposure'' times were greatly reduced. This meant that
more observations could be made more accurately over a given period of time,
To investigate the actual constituents of the stars, astronomers and
spectroscopists joined forces., Photographic plates seemed the ideal medium
on which to record the information obtained from the spectra of the stars.
A calibration spectrum (eg. from an elemental arc) can be recorded on the
same plate as the stellar spectrum. The dispersion calculated from the
calibration spectrum is used to determine which wavelengths of light are
present or absent in the spectrum of the star, The missing wavelengths
(or lines) ”observed” indicate the presence of a particular element, either
in a neutral or ionized state, in the atmospshere of the star. From these
lines, we can calculate not only the presence of an element, but also its

relative abundance in the stellar atmosphere.

1.2 Modern Devices

Once computers came onto the scene, it seemed that the photographic
plate might not be as good a recording medium as originally believed. The
problem here was how to transform an almost infinitely varying amount of
darkness into a form suitable for input to a computer, One must have a

machine that can transform shades of grey, varying from transparency to



opacity, into a form that accurately indicates the differences in intensities
of light over a particular spectral range, The logarithmic response of
the human eye is not an accurate measuring machine, Specially designed
pieces of equipment, called microdensitometers, have been built to give a
two-dimensional output of a stellar spectrum which has been recorded on a
photographic plate, The output is in the form of a graph with the abscissa
calibrated in units. of wavelength and the absorption of light by the plate
plotted along the ordinate. This is a hard copy output from a form of
pen recorder, where the deflection of the ben is controlled by the voltage
applied to it, As we cannot just feed a graph into a computer, an ADC can
be used to receive the voltage signals of the pen at particular values of
wavelength, This gives us an output in digital form for computer storage
or analysis. The drawback of this. system is that the necessary equipment
is very large, slow, and expensivé. Although it is believed to be a highly
accurate method of plate analysis, the analysis can only proceed at a
slow rate, and the equipment is far from being portable,

Cne of the most recent advances in the field of astronomy has been
the introduction of the $olid state diode. Effectively, it is a device
which gives a voltage signal output directly proportional to the amount of
light falling upon it. |t is operated at low temperatures so that thermal
leakages are reduced., An array of several hundreds of such diodes can be
made on a single piece of silicon. The geometric stability of the individual
devices is extremely high. By exposing this linear array of light detectors
to a spectrum, different wavelengths are recorded on different pixcels, or
picture elements of the array. The output from the array is input to an ADC,
and the resultant signals can be fed into a computer for display and/or
storage. Obviously, the detector system is more complicated than has been
stated here, but the basic idea remains the same, A fuller explanation of

the operation of a diode array is given in Chapter 2,



The work presented here describes the first observations obtained with
a novel type of array of silicon photodiodes. The qualities which distinguish
this type of array from others are the formation of both amplifiers and a
shift register on the same array chip. A great deal of laboratory work -
was done with this diode array prior to its astronomical operation. A full
description of\the development and testing of the array is given in the
Ph.D. thesis by A.R. Hedge (University of Durham, 1981). Although
only the initial astronomical results are discussed here, work is
still being carried out with the intention of investigating further into
the infrared region of the spectrum,

One added feature of the diode array used in the experiments described
is the non-destructive readout (NDRO) facility. To return to the photographic
plate as a recording medium, here we find that the exposure time has to be
discovered initially by a trial and error method., After a long exposure
(~ several hours), the discovery of an under-exposed or over-exposed plate
means that great amounts of observing time have been wastéd, For very
faint o?iects'where there is only time for maybe one plate to be.taken in
one nighf, considerable amounts of time can be saved if the observer knows
when his exposure is complete. On a diode array system with the NDRO facility,
at any time during the exposure the observer can enable the computer to
display the current values of the voltages on the diodes., At this time, the
observer can decide whether to continue the exposure, or whether to terminate
it and store the information temporarily in the computer for output onto
paper tape or other storage media. This makes the diode array an extremely
powerful, efficient too! in the observations of stellar spectra.

As mentioned above, this is a greatly simplified explanation of the
detection system used for the observations described in this work. Chapter 3
describes the operation of the equipment more fully and explains the main
functions of the computer and associated electronics employed during the

collection of data.



1.3 Applicability of Diode Arrays

There are many fields of astronomy where the use of diode arrays can
give equally good if not better results than those given by the photographic
plate. By far, the largest area of research in which the greater
efficiency of the diode array is realized is in the near infrared and
infrared regions of astronomical spectroscopy. The sensitivity of
photographic emulsions falls off drastically as investigations proceed
further and further into the infrared region of the spectrum. Special
emulsions have been developed to increase the infrared sensitivity, but
most of the research done has been carried out in the visible and ultra-
violet spectral regions,

The sensitivity of the solid state diode array extends well into
the infrared, experiencing a fall off only at about lym. This fall off
is due to the material of the diode being transparent to the lower energy,
longer wavelength photons. The incident photon has insufficient energy
to interact in the diode, and so passes straight through the diode
material.~ The fall off is a temperature dependent effect. At higher
temperatures, the energy gap in the silicon is‘reduced, so allowing
photons of lesser energy to create electron-hole pairs. Infrared sensitivity
can therefore be increased by operating the diode at a higher temperature.
However, as the temperature of the diode increases, so also does the
thermal noise. A compromise must be reached somewhere between a temperature
higH enough to give good infrared results, and low enough to keep the
thermal noise to a minimum,

At the other end of the spectrum, the blue end, bne finds that there
is also a diode sensitivity reduction. At wavelengths of ~0.4pm, the
photon penetration depth in silicon is only about 0.lpym, three orders of
magnitude less than for photons of ~1lym wavelength. The cut-off here

is due to surface effects in the diode. These surface effects are in the



form of recombination sites at the illuminated surface of the diode.
Presently, there does not seem to be any way around this problem other than
increasing the purity of the diode material, so not much is gained here
over the photographic plate.

The combined effect of the dispersion of the spectrometer, the
telescape, and the physical size of the 256-diode array used meant that
at any one time a range of about 110A was observed on any individual run.
As the greatest advantages of the diode'array are in the infrared region,
the research carried out was in this area of the spectrum. Two specific

wavelength regions were observed during the course of this research.

1.4 Spectral Regions Qbserved

The greatest number of runs were taken around the Balmer absorption
feature, H_, at 6562.8084, incorporated in a spectral window approx-
imately 110A wide. A great deal of information can be gained from Ho
measurements. This spectral feature can give insight into méss loss rates,
luminosity, and possibly stellar temperatures. A closer investigation
of the {hferences to be made from H_studies and a description of the
results of H, observation is given in Chapter 7.

The second wavelength region observed was centred on the 7774A
neutral oxygen triplet, also located in a 110A window. An investigation
into the resolution of the diode array system was carried out by attempting
to resolye this feature into its three components. This oxygen triplet can
be used as a stellar luminosity determinant in distinguishing supergiants
from other classes of stars. Also, information can be obtained about the
temperatures and absolute magnitudes of stars. Equivalent width values
have been published by other astronomers for some stars with the triplet
resolved into only two components, and for other stars into three
components: Results obtained from the analysis of the data collected with

the Plessey diode array are compared with published results. |n addition

1



non-LTE effects are discussed for supergiants, and how these effects alter
the strength of the absorption line are put forward.

Over these two wavelength regions, a range of different types of
star were observed. Most of the stars were supergiants, with a few giants
and sub-giants. The spectral types ranged from B2 (gamma Pegasi) to
10 (beta Andromadae), including stars from each of the luminosity classes.
A fu]l description of the observing program, including the stars observed
and the analyses carried out, is given in Chapter 4. In summary, nineteen
different stars were observed:- 10 supergiants, 2 bright giants, 3 giants,
1 beta Cepheid supergiant, 1 delta Scuti star, and 2 others. The spectral
types of the supergiants ranged from A to K, with the emphasis being on

the 7774A region of the spectrum.



CHAPTER TWO

PHOTOD I ODE _ARRAYS

2.1 Array Package

The integrated diode array devices used in this experiment were
manufactured by the Plessey Company Limited, under the direction of
Dr. D. McMullen of the Royal Greenwich Observatory. Four linear arrays,
each consisting of 256 individual diodes, were constructed on a single
piece of silicon. The four arrays are orientated into two parallel lines
by pairing of the arrays end to end, The devices are packaged in a
standard 24 pin DIL ""chip''. Also in the same package are the shift
registers, switching transistors, and amplifiers necessary for the readout
of information from the arrays. The size of each diode is LOpm x 200pm,
with adjacent diodes at a 50pm centre to centre spacing. This gives a
length of 12.8mm for each array of>256 diodes. Figures 2.1 and 2.2 show
the. physical characteristics of the chip, and an enlarged representation
of one of tﬁe arrays, respectively, A schematic drawing of a éingle.
diode with its associated integfated electronic components is shown in
Figure 2.3. For a complete description of‘the operation of the diode
circuitry, see the Ph.D. thesis of A.R. Hedge (University of Durham,
1981) . The following section briefly describes how the
array chip handles the signals generated in the solid state diode. Refer'

to Figure 2.4 for the representation of the diode in use.

2.2 Diode Method of Operation.

Figure 2.4 shows a slice taken through the depth of the material of
the diode. The bulk material is n-type silicon, with a thinner layer of

p-type silicon on the surface. The diode is maintained at a reverse bias,
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forming a depletion region (or space change layer, SCL) at the n-type/p-type
interface, Charge can now be stored in the capacitance of the diode.
A typical value of this diode capacitance is of the order of 1pF. |If
the diode is exposed to light, a photon traversing the diode may give
rise to the production of an electron-hole pair in the material. This
can only occur if the energy of the photon is greater than the band gap
energy, Eg’ of silicon. The penetration depth of the photon is a very
sensitive function of its energy (see Figure 2.5, from Geary, 1976). A
photon from the blue end of the spectrum (A~4000A ), and a photon from
the red-infrared end of the spectrum (A~]pm), will behave quite
differently in the diode material.

The "‘red" pﬁoton will travel deep into the substrate and, provided
it has sufficient energy, will create an electron-hole.pair in the
n-type material. The threshold energy of the photon for this electron-hole
pair creation is equal to the energy gap of the silicon. The size of
the energy gap is a function of the temperature at which the diode is
operating, given by

Eg = b0 x 10 ev.k”! (2.1)

from Geary (1975). This relationship is approximately true for silicon
temperatures in the range 150<T<300K. At temperatures below 150K, the
value of Eg tends towards a constant energy, while increasing the
temperature causes a quadratic falloff in Eg (see Smith‘(l9§1), ch. 10).
In the experiments to be described, only diode temperatures above

150K are encountered, so usage of the above relationship is considered

valid,

From equation (2.1), and from the energy equation

the change in the red end cutoff, d\, between two temperatures can be
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calculated. For a change of diode temperature from room temperature
(ZOOC) to -|20°C, the value of d\ can be estimated for an infrared photon
as

d\= -4.0 x lo'L+

x 1.6 x 1072 x 140 x A2
h xc

Therefore, a decrease in the temperature of the silicon would result

in a decrease in the red sensitivity. For pure silicon at room temperature,
the photon thresHold wavelength is 1.lpm (Vogt, et al., 1978). At -IZOOC,
the calculated threshold wavelength is therefore only 1.06pm for infrared
photons falling on the silicon. See section 2.5.2 for the measured

spectral responsitivity as a function of diode temperature for the

Plessey diode array.

Once the electron-hole pair has been created, the mihority carriers
diffuse towards the depletion region and tend to discharge the voltage
across the diode, The amount of charge necessary to recharge the diode
to its initial conditiqn can be measured, and therefore the amount of
light to which the diqde has been exposed can be determined. Photons
of .energy less than that of Eg will either pass straight through the silicon,
or they may possibly be reflected off the back face of the diode. These
two effects give a gradual sloping off of the diode responsivity in the
infrared region of the spectrum. |if reflection does take place from the
back of the diode, interference can occur in the bulk material,.

Other than for measurements of the effect of temperature on the
infrared sensitivity of the diodes, all of the data were collected with
the array cooled down to ~-1200C, with liquid nitrogen. The method of
cooling and the measurement of the array temperature is described in
section 3.1,

If the photon entering the diode is a '"blue' photon, the electron-hole
pair will be produced in the p-type silicon, near to the diode surface.

In this region, the minority carriers will drift towards the depletion



layer in an attempt to discharge the diode. Again, the amount of charge
necessary to recharge the diode can be measured. The absorption
coefficient of the silicon is a function of the wavelength of the incident
bhotons. There is a blue wavelength cut-off at approximately 0.h4pym.

This cut-off is sharper than.the red cut-off and is due to the fact

that at these shorter wavelengths the absorption depth of the silicon

is only~40_7m. Due to the larger density of recombination sites in

the p-type material (mainly surface effects) than in the n-type, the
photon produced carriers may recombine before drifting to the p-n
junction, Geary (1976) reports that variations in the width of the
depletion layer can give rise to non-linearities in the blue end response
of the diode., Since the width of the depletion layer is a function of
the square root of the junction potential, the nearness of the depletion
layer to the surface of the diode will vary, This decrease in width of
the depletion layer as the diode becomes more and more discharged will
mean that the carriers produced will "see' more recombination sites
before reaching the space charge region. This non=linearity can be

as much as 20 - 30%.

In the preceding description of the detection of carriers produced
by optical means, the same detection mechanism holds true for thermally
produced electron-hole pairs. At room temperature, the diode will
discharge in about a second due to these '"'thermal'' carriers. This process
is known as dark current or thermal leakage noise. fn order to benefit
from the solid state diode as a detector of photons, the diode array must
be cooled down, Reducing the temperature effectively reduces the energy
of the electrons, so keeping the dark current at a minimum, since the
energy gap will be too large for the electrons to cross. Only in
this way can we achieve the long exposure time; necessary to observe

stellar spectra with a good signal to noise ratio. Measurements of the
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dark current noise in the Plessey diode array give a value of
3pV.s-] at -120°C.

ldeally, each incident photon, within the wavelength range to which
the diode is sensitive, should produce one electron-hole pair., However,
recombination sites do exist inside the bulk material and reflection
surfaces are unavoidable. The surface of the array is coated with a
layer of silicon dioxide to reduce reflections at the front surface of
the chip. The quartz window will introduce some reflections, as will
the back face of the diode, the latter in particular giving possible
problems with infrared photons. Therefore, the efficiency of the diode
array is not 100%, but, in general, has been measured to be above 80%

(Geary, 1975).

2.3 The Plessey Diode Array Chip

The on~board amplification stage consists mainly of the two transistors,

T] and T3. Considering Figure 2.3, the stray capacitances of both the

diCdCfﬁCD, and of the gate of T3, CG, are shown., Typical values of

these-éapacitances are 0.1pF for CG and 1pF for CD. The gate of T] is

kepi at a constant negative voltage, Vref (~-4Vv). This keeps the
circuit closed so that there is a constant voltage across the diode.
When events occur in the diode, either from photon interactions or

thermal noise, the voltage across the diode is maintained by T, conducting

]

charge from the gate capacitance of the source follower transistor, T3.
In this way, the diode is always fully charged. Since the width of the

depletion layer in the diode is a function of the reverse bias voltage

across the diode, variations in C, would occur as the diode became more

D

and more discharged. As mentioned earlier, non-linearities in the blue

response have been observed. T] eliminates this problem. Also, since

most of the thermal leakage takes place in the depletion region of these



diodes, this noise is kept constant, as well as small, by keeping the

value of Vref only slightly above the threshold voltage of T Therefore,

T
the volume of the depletion region is kept to a minimum to reduce the

likelihood of thermally generated electron-hole pairs., The amplification

is related to the presence of the stray capacitances C_ and C_.. The

D G

voltage gain of this negative feedback circuit is given by the ratio

CD/CG. Using the values previously mentioned, one finds that there is

a voltage gain of ~I0 at the gate of T3.
Transistor T3 is operated in the source follower mode, with the

drain voltage, VDD’ kept at a constant negative value (~-10V). The

charge conducted by T] is deposited onto CG, charging the gate voltage

of T3. Since VDD is constant, the source voltage of T3 will follow
the gate voltage. By monitoring the source voltage, one can determine
the change in voltage across CG due to thermally or optically produced
charges in D, When it is required to observe the source voltage, it is

necessary to make use of the multiplexing transistor, T Upon receipt

5"
of a clock pulse, T5 switches on. This will then put the source -
vo\tage’ffom T3 onto the video output line. The video line is the final
output line from the device, with one line for each of the four arrays on

the chip,

T2 and TL+ are switching transistors as well as T They are used

5"
to recharge the gate capacitance of T3 up to VDD after the required
integration time has.elapsed. The remainder of the electronics on the
chip is the shift register, This is the addressing section of the device

and is used to enable the information from all of the 256 diodes to be

output on to one video line.

2.4 Diode Array Output Monitoring

There are several methods of operation for diode arrays. Firstly,



there is the charge integration or recharge sampling method. Basically,
a reverse bias is applied to the diode, and then the diode is left open
circuit, Thermally and optically induced charges act to discharge the
diode. When the integration time is completed, the original reverse
biassing voltage is reapplied. The amount of current necessary to
restore the diode to its original condition is then measured.

There is also the double sampling method. |In order to conserve
area in the design of the shift register, the outputs of adjacent pairs
of diodes are connected together, When fhe integration time is complete,
the output of the sum of the pair of diodes is put on to the video line
(see Figure 2.6). Following this, one of the diodes is recharged and the
remaining signal is placed on the line, Finally, the‘second diode is
recharged and the voltage now on the video line is taken as the zero
level for this scan. Simple subtraction of the appropriate voltage
levels will give the signals from each individual diode. The Plessey
diode array was designed to operate in this way., This method eliminates
the fixed pattern noise of the array caused by the variation in the DC
offset voltages of the individual diodes.

By far, the most advantageous characteristic of the Plessey diode
array is the availability of a non-destructive readout (NDRO) facility.
This is achieved by operating the device in the double éampling mode with
the recharge pulses suppressed. |In effect, during a NDRO it appears as
if there is an array of 128 double width diodes. This means that the
resolution is halved, but, as NDRO is only used to monitor the build-up
of the signal, it is not considered a disadvantage. However, one drawback
of double sampling is that the dynamic range of the device is reduced.
Since the signals on two diodes are being summed together, the double
sampling method will cause the ADC to receive its maximum input signal
when in fact the signal on an individual diode will only be about ha]f_

of this maximum value,.
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2.5 Laboratory Tests.

Laboratory tests were carried out on the Plessey diode array both
before and after the system was used at the RGO. These tests included
investigating the effect of temperature on the spectral response and
observing the sensitivity of a particular diode. A random diode was
chosen for these tests. The sensitivity test was carried out before the
stellar observations took place. The spectral response teéts were done

after the observations, using a monochromator at the RGO,

2.5.1 Sensitivity.

Since a standard light source was not available, sensitivity
measurements were carried out by first calibrating a non-standard 1ight
source using a Centronic 0SI 5K hybrid photodetector. The 0SI 5K
was purchased already calibrated at three points in the spectrum (all

measured at 25.500):

<

w;ve]enggh (ym) responsivity (@V.pw_].cm_ )
0.45 64.73
0.53 108.74
0.63 ' 146 .52

These three points were plotted on a graph, and, using the manufacturers
relative response curve, an actual responsivity curve was approximated
for wavelengths betweén 3500A and 11000A (see Figure 2.7). The circuit
shown in Figure 2.8 was constructed for the 0SI 5K and the device was
mounted in a specially built ''can'' that was light-tight except for a
glass window (see Figure 2.9). The window was first covered to make the
can completely light proof, and the 10k potentiometer was adjusted so

that the dark current output could be set to an arbitrary DC level. Any
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output from the photodetector due to light falling on it was measured as
a voltage above this ''zero' level. Since the non-standard source was

an ordinary 12V DC tungsten bulb, a narrow band optical filter was used
to transmit only a small part of the white light spectrum onto the
photodetector. The filter used was a Barr and Stroud type MD26 narrow

band filter with the following characteristics:

serial number ' MD26/2668

size 25mm diameter

wavelength at band centre 533.9nm (ie. mid-visible)
peak transmission 35%

transmission at 546nm 34%

band width at half peak 12.9nm
transmission‘>1075nm and <500nm <0.05%

The light source calibration was carried out using the construction

shown in Figure 2.10, The bulb was fixed in a brass can attachéd to the
end of a brass tube approximately 0.65m long. The inside diameter of the
tube was such that the can holding the 0SI 5K fitted snugly inside. The
tube was used both to eliminate stray light and to partially col]imate.

the light from the bulb. The narrow band filter was located on the outside
of the photodetector can, on the light source side of the window. The

zero leve] of the 0SI 5K was checked and the bulb operated at 6V, 0.3A.

This gave an output from the 0SI 5K of 4 mV. From this value, the flux

of photons falling on the photodetector was caiculated as being

4/110) X 10]0 = 9.9 x 10]4 photons .s—l.m-2

hc/ A

(

where A= the band centre of the narrow band filter, The light source,
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collimator and filter were transferred to the part of the cryostat
containing the Plessey diode array. For these responsivity measurements,
the glass window in the cryostat was of the same type as that of the

05! 5K window. (Later, the cryostat window was replaced by an optica}
flat glass.) Under the same source cdnditions, the output of the array
was measured as 3.4V for an integration fime of thirty 11.2 ms frame time
periods, Since the diode outputs were paired, the available sensitive

area measured ‘1.6 x 10-8 m. The sensitivity of the array was calculated

to be

3.4/30 x 11.2 = 0.63pV. (incident photon )-]

9.9 x 10 x 1.6 x 1078

Assuming an absolute quantum efficiency of 63% at 533.9nm (Geary, 1975),
the true sensitivity can be calculated as being 1.0pV. (detected photbn)_‘,
The theoretical value of the sensitivity of the diode array can be

determined from the gate capacitance of transistor T If each photon

3"
generates an electron~hole pair, and CG 0.1 pF, one would expect a
voltage signal of
Q = 1.6 x 1077 - 1.6pv. photon-]
12

The head amplifier of the diode array has a voltage gain of approximately

0.94., Therefore, the expectéd sensitivity is

1.6 x 0.94 = 1.5pV. (detected photon)-].

This value does agree fairly well with the observed value. Errors occur

in the value of CG, the true responsivity of the 0SI 5K at an uncalibrated



wavelength, the assumed quantum efficiency of the diode array, and
variations in the output of the light source. Better agreement between

the observed and theoretical values could not be expected.

2.5.2 Spectral response

The spectral response of a randomly chosen diode was investigated
using a monochromator at the RGO. The array was cooled to~-120C via
the method described in section 3.1. The monochromator was adjusted
to emit light at 400nm, and the resultant.signal on the diode due to
this light was recorded. The wavelength of the monochromator output was
increased in steps of 50nm up to a value of 950nm, with the diode signal
level being recorded at each step. A bolometric calibration of the
monochromator was carried out at the same values of wavelength between
4oOnm and 950nm. A graph was drawn of the response of the diode as a
function of the wavelength of the incident light (see Figure 2.11). The
array was then allowed to warm up to room témperature, and the described
procedure was ‘repeated at the same wavelength intervals. The spectral
response of the diode at room temperature is shown in Figure 2.12. Both
of these graphs show the characteristic response of a solid state diode
as a function of wavelength, namely a gradual fall-off in response as the
wavelength of the incident photons approaches the infrared, and the
sharper cut-off in response at the shorter wavelength, blue end of
the spectrum. The reasons behind the spectral response effects have been
described in section 2.2 (of this chapter). To show the effect of
temperature on the-spectral response of the diode, the two previous graphs
have been superimposed (see Figure 2.13). This grgph shows clear evidence
for the increase in resﬁonse in the infrared region of the spectrum as
the temperature of the diode increases (as previously described). The

results collected here indicate that increasing the temperature of the

diode array from~-120°C to ~20°C means that one can penetrate approximately
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50nm further into the infrared region of the spectrum,

This value of 50nm compares favourably with the value of 40nm for
the infrared response change calculated in section 2.2. The measured
spectral response curves are prone to inaccuracies in the longer wave-
length ranges. The maximum wavelength attainable by the monochromator
is lpm (i.e. fulf scale deflection), therefore wavelengths close to this
value may be slightly incorrect. Another source of error is the calculation
of the diode signal at room temperature. Noise constitutes a significant
fraction of the total diode signal when it is not cooled. Moreover, the
noise is not constant, and so a mean value of the observed noise was

subtracted to give an approximate diode signal level.
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CHAPTER THREE

INSTRUMENTAL CONSTRUCTION AND CONTROL

3.1 Temperature Measurement and Control

The construction of the original cryostat built for the Royai
Greenwich Observatory is described here, The preliminary tests on the
diode array were'performed both at the RGO and at Durham using this
cryostat, Temperéture control was investigated using a copper-constantan
thermocouple to measure the combined effects of a cold finger (with
one end at liquid nitrogen temperature) and a 120k resistor heater on
the system. The temperature range investigated was from ~-110%C to
~ -ZOOC, Rates of cooling down and warming up of the cryostat without
the use of the heater were also observed.

A new cryostat was designed and constructed for use at the coudé
focus of the RGO 30" telescope. Physical dimensions were important here
so as not to obstruct the light from the telescope in the limited
available space,

For ease of témperature monitoring, an instrumentation amplifier
~ was used in conjunction with the thermocouple and a digital voitmeter,
With a gain of ~ 100, a convenient emf value of. the thermocouple could

be observed.

3.1.1 Original cryostat construction

The original cryostat construction can be seen in Figure 3.1, It
consists of four parts, namely a cold finger section, a cryostat body
section, and two end plates. The cold finger protrudes into the
cryostat body on assembly., The detector array is then attached to the
cold fingér by means of stainless steel bolts and specially sh;ped

pieces of copper. A 2-inch diameter glass disk is sealed into one of
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the end plates to allow light to enter the cryostat. Electrical
connections from the inside to the outside of the cryostat are made
via vacuum tight terminals on the back end plate.

The entire cryostat is connected to a vacuum pump assembly (see Figure
3.2). Evacuating the cryostat minimizes heat transfer from external
sources and prevents ''icing-up" of the cryostat interior at very
low temperatures.6~—]200C). A vacuum of ~4 x 10-2 torr was achieved
at room temperature with the assembly shown. After cooling, a pressure
of ~1.5 x 10_2 torr was reached inside the cryostat. This improvement
in reduced pressure is due to residual vapors being frozen out at low
temperatures.

The vacuum coupling is located on the side of the cryostat body.

A Leyb&ld vacuum lock flange was fitted to allow the vacuum in the
cryostat to be maintained after disconnecting the vacuum pump,

A detailed view of the diode array to cold finger mounting can be
seen in Figure 3.3,

All heat conducting joints are improved using Radio Spares heat
sink compound. With clean joiﬁts, the lowest temperature reached was
oﬁly ~-900C, 30 degrees warmer than when the heat sink compound had
been used.

The temperature of the diode array can be altered by changing the
length and/or the material of the mounting bolts on the cold finger,

For the transfer of heat through a metal rod, the following equation

holds:
6. -8
s 1 2
Q_ kA L
where Q = rate of flow of heat through the metal rod
9],62 = temperatures at the ends of the rod
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k = mean coefficient of thermal conductivity between the temperatures
9] and 92

A = cross-sectional area of the rod

L = length of the rod

By altering the size or material of the mounting bolts, a coarse
temperature variation can be obtained, Brass mounting bolts were tried
at first (k(brass) = 0.52 Kcal/sec m °C), but it was found that
stainless steel bolts (k(st.steel) = 0.08 Kcal/sec m 0C) resulted in

a more suitable diode array temperature,

Aside from any fixing screws (which are made of brass), all other
parts of the heat conduction path are made of copper. Tracing the heat
path from the coldest point, the lower end of the cold finger protrudes
through the lower cryostat section and is immersed in a bath of liquid
nitrogen contained in a dewar., At the top of the cold finger, two
parallel stainless steel bolts are screwed in perpendicular to the
length of the cold finger. The bolts hold a cross-shaped copper base
piate onto which the heater, thermocouple and the earth connections
are made, A specially shaped block of coppe} is screwed onto the base
plate. The end of the shaped block passes through a 24 pin DIL IC
socket. A rectangular slab of copper bolts onto the shaped block to
hold the IC socket in place. Heat sink compound is spread onto the
exposed face of the copper slab, This face is in contact with the
back of the diode array chip so a good thermal contaét is required to
keep the chip cold. A copper-constantan thermocouple originally
moni tored the temperature at the base plate, However, the thermocouple
was later transferred to a position sandwiched between the shaped
copper block and the copper slab. In this position the thermocouple
maintained direct thermal contact with the back of the chip. This

gave a better indication of the true temperature of the chip (see section

3.1.3).
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The reference junction of the thermocouple was originally at room
temperature., However, thermocouple temperature calculations with
varying reference junction temperatures proved to be tedious, so the
reference junction was later kept at 0°C ina melting ice bath., This
method allowed the thermocouple temperature to be read directly from a
graph, since copper-constantan thermocouple calibrations with 0°C reference

junctions have been accurately recorded (see Figures 3.4a and 3.4b).

3.1.2 Thermocouple calibration

Even though accurate thermocouple potential values are published
for given temperatures (Kaye and Laby, 1960), each individual
thermocouple will exhibit slight emf variations from the true values,
These variations result in a small temberature discrepancy for a given
measured temperature, the value of which need only be added to the
observed temperature to give a true reading.

" Table 3.1 shows the standard temperatures used as calibration
points for the thermocouple in the cryostat,

The va}ues of the temperature differences (tt- tc) were plotted
against the calculated temperature values (tc) in Figure 3.5, A least
squares fit drawn through these points indicates the value required to
be added to a particular observed temperature to obtain the true
temperature, It can be seen that in the region under observation (-ZOOC
to -IIOOC) the temperature difference ranged from -1°c to -6°C. For all
subsequent temperature measurements, the corresponding correction value

has been added.
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Table 3.1

Standard temperatures used in the calibration of

the copper-constantan thermocouple

Source True Measured Calculated ¢ t
Tempergture emf Tempergture
t. °c mV t °c °c
t c
Liquid -195.8 -5.310 -186.0 -9.8
ni trogen
Acetone/ - 78.5 -2 .600 - 74 .6 -3.9
dry ice
Melting 0.0 -0.015 - 0.3 +0.3
ice ’
Boiling +100.0 +l4 040 + 94,9 +5.1

water
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3.1.3 Temperature differences

In order to investigate temperature variations across the copper
base plate in the cryostat, the thermocouple (TC1) was repositioned
onto the uppermost of the cold finger mounting bolts on the base plate,
A second thermocouple (TC2) was fitted onto the lower cold finger
mounting bolt on the base plate and the temperature difference across
the copper plate was measured, At a mean temperature of -13006, the
variation across the copper base plate was ~10°C. In order to give a
better indication of the temperature of the array itself, TCl was moved
nearer to the array. |t was sandwiched between the shaped copper block
and the rectangular copper slab (see Figure 3.6). The measured
temperature at this point behind the chip was -12200, while the lower

mounting bolt was at a temperature of —IBMOC.

3.1.4 Rates of change of temperature

* With the éryostat evacuated to ~b x 1072 torr, the liquid nitrogen
wasiboured into a dewar surrounding the cold finger. The temperature
inside the cryostat was recorded at several minute intervals after
the first addition of liquid nitrogen., The level of liquid nitrogen in
the dewar was maintained such that the exposed copper part of the cold
finger was always submerged in the coolant. A graph was plotted of
the temperature of the thermocouple inside the cryostat againgt time for
several cooling down procedures. Figure 3.7 shows a typical cooling
curve, Errors in the reading of the potentiometer were within + 0.005 mV,
giving temperature errors of + 0.3°C near room temperature and + 0.4°C
at temperatures near -120%c. Timing errors were negligible (+ 5s) -
much too small to be indicated on the graph. |t was observed that after

~100 minutes, the temperature inside the cryostat had reached a level
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where the variation was not more than + 1°c.

Figure 3.8 shows the effect on temperature when all of the coolant
is allowed to evaporate. Errors are of similar value to those of the
previous graph. Zero time was taken as the time of the last addition
of liquid nitrogen., The temperature was monitored while the amount of
coolant dropped from the maximum height in the dewar to below the
level of the base of the cold finger. A typical time of approximately
2.5 hours could elapse before the temperature would begin to rise inside
the cryostat, provided that the measured temperature was initially below
—]OOOC. However, even if the temperature was only -SOOC upon addition
of the final LN2, after a further 50 minutes of cooling down, the cryostat
stabilised for about 80 minutes. The difference between stabilised’
temperatures for these two cases was only ~20C, not significant enough
to seriously affect the characteristics of the diode array. Furthermore,
the overall level of liquid nitrogen in the dewar did not affect the
temperature, so long as the exposed base of the cold finger remained

immersed in the coolant.

3.1.5 Effect of heater - Temperature reproducability

With the cryostat cooled down to a reasonably stab]é temperature, a
voltage was applied across the 120,42 resistor heater. The graph of
Figure 3.9 shows the effect of the héater on the temperature inside the
cryostat. Different heater voltages create different temperature
plateaus on the graph. Within less than a minute of switching the
heater on or off, the measured temperature changed.

The ability to reproduce a given temperature was inve§tigated.

The cryostat was first cooled down for at least one hour before a
potentié] was applied to the heater, and the temperature was monitored.

After stabilisation of temperature (at least 1.5 hours), the heater was
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switched off for approximately 30 minutes to allow the cryostat to
re-cool. The heating and cooling procedure was repeated several times
for predetermined values of power dissipation of the heater. The
results are illustrated graphically in Figures Al to A7 in Appendix A,
It can be seen that after the heater has been on for ~100 minutes, the
temperature reached is constant to within + 1.5°C for a given heater
power. Taking the temperature measured after 100 minutes from each
graph, a further graph was plotted of heater power dissipation against
temperature (see Figure 3.10). Any desired temperature could therefore
be attained inside the cryostat by applying the voltage determined by

this graph.

3.1.6 New cryostat construction

A new cryostat and dewar were designed and constructed to conform
to space 1imitafions at the coudé focus of the 30" telescope at the RGO.
The overall height of the cryostat had to be less than the original so
as not to interfere with the light beam from the telescope (see Figure
3.11). This shortening of the cold finger resulted in two other
problems:

1) a lower temperature of the chip than before,

2) a shorter dewar having to be refilled with liquid nitrogen more

often,

The latter problem was solved simply by éonstructing a dewar of
greater internal diameter (95 mm |.D.) than the original dewar (70 mm |.D.).
The former problem was remedied by making the cryostat head longer, and
mounting the array further from the coid finger, thus increasing the
ltength of the cold path. Although an increase in the length of the
cryostat head increases the overall volume to be evacuated, no significant

changes in either evacuation time or pressure were encountered, Figure 3,12
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shows the construction of the new cryostat. Figure 3.13 illustrates

the thermal connections to the cold finger. One possible problem with

a longer cold finger to diode array path was discovered while the cryostat
was in use at the RGO. The emerging stellar spectrum had to be accurately
positioned on to the 200pym wide strip of diodes on the detector chip.
Failure to do so was immediately evident upon examination of the results,
causing splitting of the recorded spectrum, Movement of the array was
done with a micrometer pushing the cryostat horizontally (see section 3.2).
Once correctly aligned, it should not have been necessary to realign the
array if the same region of the spectrum was being observed. However,
frequent re-alignments were necessary. This could be explained by the
geometr}ca] properties of the cold finger section of the cryostat altering
at different temperatures. Modifications to the existing cryostat are

under consideration to give greater geometric stability to the diode array.

3.1.7 Thermocouple instrumentation amplifier

Jﬁéasufing temperatures with a thermocouple can prove to be cumbersome,
neces;itating the use of a potentiometer, plus a power supply and a
galvanometer. A better method would be to replace these with a digital
vpltmeter. Problems arise here because the emf generated by the thermo-
couple is only in the region of a few millivolts, At '~-1000C, a 1°¢
temperature change will only result in a 0.02-0.03 mV change in the emf
generated by the thermocouple. This voltage is much too small to give
accurate temperature indications on a DVM (accurate to only + ~ 1 mV).

A Burr Brown 3660 instrumentation amplifier (IA) was chosen for its
high gain (1 to 1000 V/V) and low drift (<2.5pV/OC at a gain of 1000 V/V)
characteristics. The circuit diagram is shown in Figure 3.14, The
offset voltage is adjusted for OV output measured on the DVM when the

two inputs are short circuited to earth.

The IA had also to be calibrated. This was done by taking the



coL

FINGER BRASS BLOCK I.C. HOL DER
COPPER SLAB. FIXING SCREWS
SPACERS THREADED STUDS RETAINING NUTS
) U O o| 0 u
0
0 20418 /Om -cz-}——-]
5 2
g 5
1118k
0 o1 ) 15 et
g Ly
. "'
———0 OO L Tdan 0 ,{@

FIG. 313: EXPLODED
MOUNTING

VIEW OF DIODE ARRAY TO COLD FINGER

DIODE ARRAY——




.

Thermocouple i kQ[j |

FIG. 3.14: INSTRUMENTATION
AMPLIFIER

i
n]rL

215V

50 kQ

M\

Visy

—= VYo



29

corrected potentiometer reading (from section 3.1.2) as the true emf and
comparing the |A output to this., At reasonably constant temperatures,
emf values were recorded using both the potentiometer and the IA, These
results are shown graphically in Figure 3.15, The slope of the best
straight line gives the gain of the IA. This slope was calculated using
the least squares method, and gave a value of 93.7. Any reading on the
IA DVM could now be converted to the potentiometer emf value, and thus
give the thermocouple temperature from standard tables, A graph of the
output from the |A against the calculated corresponding temperature is
shown in Figure 3,16, This calibration curve was drawn by simply
multiplying the ordinate values of the graphs in Figures 3.4a and 3.4b
by the gain of the IA, Ordinate values above =-0.2V for the |A output
were calculated by direct conversion from standard thermocouple tables,
using the 1A gain of 93.7. From this graph, 1A output values could

. . . o,
give temperature indications to an accuracy of + 2°C.

3.2 Diode Array Alignment

3.2.1 Initial considerations

In order to ensure the correct location of the diode array in the
focal plane of the spectrometer, and that the light falls squarely onto
the array of diodes, a method of positioning the array in three orthogonal
directions had to be devised and constructed. Before any designing of
this mechanism was undertaken, the following considerations were taken
into account:

1. The approximate position of the focal area in space was
calculated from the engineering drawing of the coudé focus (see section
L. 1), The accuracy of this drawing could not possibly be anywhere near

the accuracy of the 10pm order of magnitude measurements requiréd by the
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hOpm by 200pm diodes. For an extreme margin of error, it was therefore
decided to allow the array to be positioned anywhere within +2cm of the
position of the focal area calculated from the engineering drawing.
2. A trolley was available from the RGO for use at the 30 inch
coudé focus. The base of the trolley had bearings on three points of
the bottom face. These bearings rested on the two parallel rails
straddling the coudé focus (see section 4.1.3). The trolley gave a
portable frame of reference on which to construct the diode array
alignment mechanism in the laboratory before moving the experiment to
the telescope.
3. Movement of the diode array chip inside the cryostat was not
a practical consideration, |t was decided to subject the whole
cryostat to movemént in the three planes of freedom.
L4, The depth of field of the coudé focus was approximately lcm.
The trolley (with the cryostat) could be maneouvered manually to
position the plane of the diode array into the field of focus.’ A small
ciaﬁé'was attached to one of the support }ails, and a screw and dial
were mounted on this clamp. Turning the écrew~against the trolley gave
a fine contrél for movement of the array in the horizontal plane,
parallel to the emerging spectrum (defined here as the z-direction). This
me t hod wés considered sufficient to control movement in the z-direction.
5. The principle material used in the construction of the alignment
mechanism was to be brass, This was decided upon because of the resistance
of brass to corrosion, its stability (minimal creep), and its hardness
(for bearing surfaces). Although it would make the alignment mechanism
quite heavy and cumbersome, it is quite easily machined. Thus, brass
has the desirable qualities of both stainless steel and aluminium, with

few of the disadvantages.
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3.2.2 X-direction movement

Movement of the cryostat in the x-direction is defined here as
being movement in the horizontal plane, perpendicular to the emerging’
beam of light from the spectrometer, To achieve this motion, a tongue
and groove sliding plate system is used (see Figure 3.17). Two sliding
plates are required (labeled A in the diagram), one to fit over each
end of the cryostat body. Four rods, R, are situated between each of
the four corners of the sliding A plates. These rods are necessary to
maintain the required rigidity between the sliding plates holding the
cryostat. The rotational orientatfon of the cryostat with respect to
the sliding plates is maintained by the two nylon screws, N, holding
the cryostat in place, One pair of opposing edges of each of the A
plates is machined td a L5 degree tongue, These tongues fit into
mating grooves in two horizontally fixed plates, B, only one of which is
shown in Figure 3.17. These two fixed plates are held in position by
two other plates, C, again of which only one is shown here. A micrometer
screw, M, is mounted to pass through the centre of one of the C plates
(see Figure 3.18). When the cryostat and the A plates (not shown here)
are in place in the B plates, the micrometer screw is used to move the
cryostat (and A plates) horizontally. Two compression springs are
located on the opposite side of the cryostat from the micrometer screw.
Thése springs ensure that the cryostat is held firmly against the micro-

meter screw, removing any backlash in the screw thread.

3.2.3 Y- direction movement

Movement of the cryostat in the vertical plane, perpendicular to the
light from the spectrometer is defined here as movement in the y-direction.

In similar fashion to the x-direction movement, a tongue and groove
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sliding plate system was utilized here as well. The tongued plates are
plates C in Figures 3.17 and 3.18. The 'box'" comprising plates B and C
moves vertically along grooves in plates D. Only one plate D is depicted

in Figure 3.18. Rigidity is achieved by firmly fixing the bottom ends of
plates D to the spectrometer trolley on L-shaped mounting blocks, L

(see Figure 3.19). The cryostat can undergo vertical movement by means

of a steel screw and two brass plates (S, E, and F, respectively). Figure
3.20 shows the complete movement without the horizontal slides or cryostat.
A steel screw is used in preference to brass to avoid local 'weldling' of
the threaded assembly due to the close contact of identical materials.
Plate E is fixed to the top of the B-C plate ''box''. Plate F is fixed to
the top ends of plates D, and keeps these plates parallel. The hole in

the centre of F is tapped to take screw S (see section 3.2.4 for a
description of the threaded assembly). The lower end of screw S is held
onto plate E by means of a split brass cof]ar, G. Clearance between G and
the bottom of S is just sufficient to form a bearing surface. Turning
screw S by means of a knurled knob on the top end provides the desired
vertical movement of the cryostat. The photographs of Figures 3.20a,b and ¢

show three views of the cryostat mounted in the finished assembly.

3.2.4 Screw assembly

The design of the screw assembly for lifting the cryostat in the
y-direction was carefully considered. The threads should be strong enough
to lift the cryostat (plus horizontal movement components) without
shearing, and fine enough to permit accurate positioning of the cryostat
containing the array.

Since the diode-to-diode spacing is 50 pm, an equivalent amount of
controlled movement must be achieved by the screw. A rotation of the
screw of between IOO and 20° was considered sufficientvfor the desired

amount of control. Therefore, an approximate value for the pitch of
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the screw was sought, being in the region of

15_ 6

360 x 50 x 10

It

833.33 turns per meter

= 20 turns per inch (tpi),

The next tasks were to calculate both the required length of
engagement of the threaded assembly,. and the load necessary to break the
screw without stripping the threads,

In the event of failure of the threaded assembly, it was preferred
that the screw itself should break rather than the threads strip. Therefore,
the length of engagement of the mating threads must be enough to support -
the full load required to break the screw without stripping the threads.
To prevent the externai thread stripping, the minimum length of engagement

is given by (Oberg and Jones, 1962):

L = 2'At (‘3-])
M-Knmax-[2 *+ 0.577350 (Espyin - Knmax)]

where Le length of engagement in inches

1

n number of turns per inch

Knmax = maximum minor diameter of the internal thread

Esmin = minimum pitch diameter of the external thread

]

At tensile stress area of the screw, from

Ay = 0.785&-(0‘%7—4‘1)2 (3.2)

where D = basic major diameter of the thread.
In equation (3.1), it is assumed that the area of the screw in shear
must be twice the tensile stress area. Hence, the value of 2 in the

numerator, In fact, this is slightly greater than necessary, so there is

a small safety factor involved.

The major and minor diameters above are the largest and smallest
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diameters of the straight screw threads, respectively. The pitch (or
effective) diameter on a straight thread is the diameter of an imaginary
cylinder, the surface of which would pass through the thread profiles
at such points as to make the width of the grooves equal to one-half of
the basic pitch. On a perfect thread, this occurs when the thread width
equals the groove width.

Assuming that there are no shear or torsional forces present, the
load required to break the threaded portion of the screw without

stripping the threads is given by
P=S.A ‘ - {3.3)

wherg'P = load required to break the screw, in pounds
S = ultimate tensile strength of the bolt material, in pounds -(inch)-2
At = tensile stress area, in (inches)®, from equation (3.2).
Following investigations regarding the availability of various taps
and dies with the value of the pitch sought (appro;imately 20 tpi), it

was decided to use a 3/8 - inch British Standard Pipe (BSP) thread. The

éharacteristics of this thread are as follows:

3/8 - inch BSP
pitch 19 tpi
major diameter 0.656 inches
effective diameter - 0.6223 inches
minor diameter 0.5886 inches

For a screw elevation of 50pym, a thread of pitch 19 tpi requires a

rotation of

50 x 10'6 x 19 = 0.037L4 turns
2.54 x 1072
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or 0.0374 x 360 = 13,46 degrees.

Using equation (3.2), the tensile stress area is calculated to be

-]
I

0.7854 (0.656 - 94%%53)2

0.2872 in 2,

]

Substituting this value of At into equation (3.3) gives the maximum

load that the screw will sustain as being

(10" - 10°) 0.2872

-
]

(1.3 - 13) tonnes

~ P ~ 10 tonnes,

Finally, using the calculated value of At in equation (3.1) gives the

minimum length of engagement to support this load as

L o= 2 x 0.2872
3.1416 x 0.5886x[0.5 + 0.57735 x 19x(0.6223 - 0.5886&‘

1]

0.3573 inches

1]

0.907 cm.

In summary, for a 3/8-inch BSP threaded assembly, a length of
engagement of 0,907 cm will sustain a load of up to ~10 tonnes without
stripping the threads. Furthermore, a twist of approximately 1375 will
change the height of the screw by one unit of diode spacing. The
actual length of engagement of the threaded assembly in the plate F

and screw S constructed is 1,0 cm,
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3.3 Experimental Operation and Control

3.3.1 General layout

The centre of control for the collection of data from the stellar
observations is a PDP11-03 mini-computer, The programming language is
a form of BASIC called CATY 2 (see section 4.3,1)., All peripheral
interfacing is achieved via CAMAC (Hedge et al, 1978). A 512 word buffer
memory is a Durham produced CAMAC module, as are the integration and
readout control modules. The remaining electronics are constructed
in NIM modules. A block diagram of the acquisition and control logic

is shown in Figure 3.21.

3.3.2 Signal processing

The diode array chip requires five input signals for operation,
namely LSR, CP1, CP2, @1 and @2. LSR is the Load Shift Register pulse,.
This pulse determines the beginning of each frame, and is used to start
a scan., CPl and CP2 are the Charge Pulses, used to recharge the diode
signal levels to their fully charged state. CPl1 recharges the odd-numbered
diodes, and CP2 recharges the even-numbered diodes., @1 and B2 are two
clock pulses in a non-overlapping two-phase configuration (see Figure
3.22).

A basic two-phase clock is shown in (a). In the ideal case, the
sum (@1 + @2) wi 1l be a continuous output equal to the voltage of the clock
pulses. In practice, the voltage switch from Eigh to low (and vice
versa) takes a finite amount of time. Therefore, at the time of the
switching of the clocks, the sum (@14 @#2) can be anywhere between zero

volts and twice the clock voltage (b). This may cause problems further

along the logic circuit by allowing more than one supposedly mutually



- "
o »2
D 2 LEVEL > DIODE
CLOCK //5 TRANSLATOR [P o ARRAY
PHASE CP1.CP2 LSR,,
GENERATOR 57%%‘1 cp
VIDEO
INTEGRATION |LSR %ﬁﬁ
CLOCK)]}5 <rRoBE | CONTROL  IsTRoBE 4
ISTROBE o ™1 MODULE [\
DIGITIZATION EE—a
SEQUENCE
GENERATOR
CAMAC DATAWAY
X J
1 > | (
D
MASTER
CLOCK
SAMPLE ANALOG
AMPLIFIER AND > TO DIGITAL
HOLD CONVERTER

FIG. 3.21: DATA ACQUISITION AND CONTROL SYSTEM



(a)

(c)

i |

¢2 -
¢r¢;3 ‘ sdgbecrrlevéfzi///f{) (b)

?1 —J—_ﬁ

¢2

¢1-¢2J

(d)

'

EACH SIGNAL LEVEL
DEAD TIME (e)

@2

T f)

I

I

EACH SIGNAL LEVEL
DEAD TIME (h)

FIG. 3.22: DEVELOPMENT OF OPTIMUM CLOCK TIMING



37

exclusive events to occur simultaneously.

The first attempt at solving this problem was to use a 50% two-phase
clock, which ensured that the pulse edges did not coincide (c). This.
meant that, in effect, 50% of the time was being wasted (d). Since the
video output for one pair of diodes is digitized at four points (base
line, diode sum, one diode recharged, both diodes recharged), only
12.5% of each clock phase is available for each signal level (e).

Finally, it was decided to use a mark to space ratio of 3:5 for each
clock (f). This results in a 3:1 mark to space ratio in the sum
(81 + ¢2)(g). The 3:1 ratio allows the digitization to be carried out
at four equidistant points in each clock phase. In this way, each of the
four levels can be digitized during 25% of the clock phase (h).

Before digitization of the video signal is achieved, it must be
converted from a current signal to a voltage signal. This conversion is
carried out by a head amplifier, mounted close to the cryostat, consisting
of a Burr Brown 3550 operational amplifier (see Figure 3,23). The gain
of this amplifier is altered by different values of the feedback resistor,
RF’ in the circuit. The output signal is £hat voltage that would exist
across RF if this were the only circuit component, Using a resistance of
L7k for the feedback resistor gives an amplifier output ranging from
OV to +8V, which is suitable for the processing electronics.

From the head‘amplifier, the signal is fed into a sample and hold -
unit employing a Hybrid Systems S/H 730. The signal is sampled at three
points in a clock phase, each sampling occurring after any ringing has
subsided. Not sampling during the '“video off'" quarter of the cycle has
the effect of suppressing the unwanted pedestals of the ADC base line.
The time duration of the sample is then stretched to the same length as

the original input signal, thus removing any large spikes from the video

signal,

The signal is then input to the analog to digital converter (ADC).
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The ADC used is a Burr Brown ADC80AG-12, which digitizes the signal by
successive approximation to twelve bit accuracy (ie. digitization steps
of 1/4096 times the available voltage range of the ADC). The ADC
operates in the =-2,5V to +2.5V range, thereby giving digitization step;
of 1.22 mV.

From the ADC, the digital signal is read into the sequential access
memory. Since each diode pair signal is digitized in four places,
L x 128 twelve bit words of data are éenerated. These data are stored
here in the buffer memory until the readout cycle is complete. Under
program coﬁtrol, the data can then be transferred to the resident memory

of the computer for display or output.

3.3.3 Control logic

The digitization sequence generator (DSG) generates four signals,
ie. STROBE, INC, CONV, and HOLD. The HOLD signal is used to enable the
sample and hold module, thereby, removing spikes from the video signal.
CONV enables the ADC, thus converting the signal from analog to digital
form, INC'is used to increment the current memory word address for the
input and output of information in the buffer memory. The STROBE pulse
determines when in the clock cycle the information is to be read to or
from the buffer memory. The timing of these four signals from the DSG
is set by two hexadecimal thumbwheel switches on the froﬁt panel of the
module. The first switch determines the start time (in the clock cycle)
of any one of the four signals, and the second switch determines the time
duration of that signal. There are two push switches for each signal on
the front pane) as well, one to load the set timing and the other to
inspect. Two hexadecimal LED displays indicate the recorded values, The
four signals can therefore be set to occur anywhere in the clock cycle.

The STROBE and INC (as well as the CP and LSR) pulses are input to
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the integration control module (I1CM), which controls the integration and
readout sequences., By choosing the appropriate control word for the ICM
via the computer program, one of the following sequences will be initiated:

(a) integrate - commences a scan and allows the diodes to discha;ge
due to light and/or thermal leakage;

(b) rechérge - charges the diodes back to their original fully
charged state by sending a charge pulse 25 times;

(c) non-destructive readout - oQtputs the signals from pairs of
diodes to the buffer memory without re-cHarging the diodes;

(d) double sample readout - outputs the signals on individual diodes
by first recharging one diode and then the other diode in the pairs; the
output is sent to tHe buffer memory.

Two manual requests are also available from the ICM: - non-destructive
readout and terminate run, Either of these two can be selected at any time
during a run by means of two push-button switches on the front panel of
the ICM. When it is required for the data té be stored in the buffer
memory, a 9Vbi£ counter assigns each.word a memory location, The counter
is initially set to zero and is incremented (by the INC pulse) after
each word has been strobed in (STROBE) by the ICM.

The clock phase generator (CPG) generates all four of the signals
required by the array; itself requiring only a clock input from the DSG.
The master clock, which js the fundamental time base for the whole experiment,
is input to the DSG. The level translator (LT) translates the TTL input
signals it receives into the MOS levels necessary for the operation of

the diode array chip.

3.3.4 Peripheral devices

The general layout of the experimental package is shown in Figure 3.24,

including all of the computer peripheral devices. Since the POP 11-03
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has no operators panel, initial communication is achieved via an ASR 33
teletype (TTY). Computer control can be transferred to the Lynwood

DAD-1 visual display unit (VDU). The TTY can still be used for hard

copy printouts of data, as well as retaining the ability to bfeak
communication between the computer and all other peripherals, and restore
control to the operator. Program input to the combuter is via a

Lynwood ATR 2 paper tape reader (PTR), and paper tape output is on a

Facit 4070 punch (PTP). Visual output (i¢. non-destructive readout, double
sample readout, etc,) is displayed on a Tektronix 603 graphics display (GD).
A1l four of these peripheral devices (VDU, PTR, PTP, GD) are interfaced

via CAMAC to the PDP 11-03, The TTY is on a direct 1ink with the computer
and requires no separate interface. The electronics associated directly
with the operation of the diode array are contained in the NIM bin, while
the actual control of the experiment during a run is maintained via

CAMAC.

The computer to CAMAC interface is a Hytec CAMAC Programmed Dataway
Controller type 1100. It occupies both the control station and the
adjacent normal station of the crate, and acts in two ways. Firstly, it
is the interface which directly adapts the Dataway to the PDP 11-03 computer.
Secondly, it converts the crate into a System Crate, behaving as the
equivalent of an Executive Controller. In this capacity, it controls the
transfer of commands and data between the interface and the computer,

The advantage of this special controller is evident if only one crate is
used, where cost can be kept down and simplicity maintained. |If a second
crate is used, another Hytec 1100 Controller is required (ie._one

special controller for each crate).
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CHAPTER FOUR

OBSERVATI| ONAL OPERATION

L.1 Telescope and Spectrometer

The telescope used for the observations of the stellar spectra to
be described was the 30-inch reflector situated in dome A of the equational
group of the Royal.Greenwich Dbservatory. This telescope was originally
one-half of a twin telescope mounted in Greenwich in the late 1800's,
the other instrument Eéing a 26-inch refractor. When.the observatory was
moved from Greenwich to Herstmonceux after World War 11, the 30~inch
was removed from the mounting and replaced by a counterweight. A new
fork mounting was constructed for the reflector. At first, this telescope
was used in the Cassegrain férm, but later a coudé spectrograph was

installed to afford the opportunity of high dispersion spectrophotometry.

4L 1.1 Dome A

The telescope and spectrometer are located in dome A of the equational
group. Figure 4.1 (from Harding, et al. 1968) shows the complete coudé
arrangement., The spectrometer collimator is supported on the ground floor,
while the top level (observing room) contains the telescope proper and the
slit assembly, The mezzanine level houses the diffraction grating and
telescope drive, together with the experimental package and an* electronics
necessary for the control of the experiment,

The spectrometer extends from inside the top level of the building
down through to the ground floor. The collimator mirror is mounted
separate from the building on a concrete block at the ground floor level,
This arrangement gives the collimator a focal length of 224 inches (5.69m).

The main spectrometer framework extends from the mezzanine level upwards
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through the floor of the observing room, providing a mounting for the
slit assembly, This steel framework also provides the support for the
grating and detector components inside the spectrometer room.

The tripodal support for the top mirror in the dome (on the northe;n
extension of the polar axis of the telescope) consists of steel tubing
filled with sand. The sand is present to reduce any vibrations in the
tubular framework as the three legs are only supported by the floor of

the observing room,

L4 1.2 Light path

The light frﬁm a star enters the telescope and is reflected off the
primary mirror onto a hyperbolic mirror. This secondary mirror is
designed to produce an f/47 beam of light. The beam is directed onto
a flat mirror mounted inside the telescope tube at the intersection of
the polar and declination axes. By means of a specially designed
mechanism inside the telescope tube, any. change in declinaticon of the
telescope is accompanied by half of that change in the declination of
the flat, This ensures that the beam is always directed upwards along
the polar axis through an aperture in the side of the telescope. Another
flat is located further up along the polar axis mounted on the tubular
steel frame, This mirror reflects the beam vertically downwards onto the
slit of the spectrometer, The width of the slit can be varied in steps
of 12.5pm. This céudé arrangement restricts movement of the telescope
such that only objects with declinations between -20 and +55 degrees can
be observed. HoweQer, the advantage of this system is that the axis
of the spectrometer is made to be vertical.

Above the slit assembly is a retractable flat mirror, This mirror
can be used to deflect the beam of light through 90 degrees at a

convenient height so that the image of the star can be observed through
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an eyepiece. The field of view at this eyepiece is approximately 7
minutes of arc,

After passing through the slit, the light travels down to the
collimator mirror at the ground floor level. From here, it is reflected
back up onto the diffraction grating.

The diffraction grating is ruled with 831 lines. mm=], and blazed
at 8&65A in the first order. 1t can be rotated about an axis which
is.paralle] to the rulings and passeé through the face of the grating.
The rotation is achieved by a drive mechanism controlled from outside
the.spectrometer dark room. A digital display on the drive control
indicates the angle between the normal to the grating and a constant
fixed plane. The display is accurate to +1 in the least significant
figure, which in this case is +0.1 degrees. The dispersion of the
grating varies according to the wavelength under obsérvation, but is

-1 -
approximately 108 « mm in the first order and SK- mm ] in the second order.

4L.1.3 Spectrometer room

The spectrometer enclosure (or dark room) is located on the mezzanine
level and houses the coudé focus. Figures 4.2 and 4.3 illustrate the
path of the beam of light in this room. The diffracted light from the
grating is reflected off of a 39-inch focal length mirror mounted on the
lower section of the main spectrometer framework, This mirror focuses
the spectrum onto a flat which turns the beam through an angle of
approximately 60 degrees to enter the detector horizontally, A concrete
pier is situated at one end of the room onto which two parallel guide
rails are firmly secured. A three-wheeled trolley sits on these rails
and the cryostat and the XY-movement are mounted on this trolley. Precise
positioning of the cryostat such that the spectrum is focused onto

the diode array is described in section 3.2,
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L.1.4 Star location and tracking

The initial position of the telescope is set manually and can
locate a star to an accuracy of 0.2 minutes right ascension and 1 arc
minute declination. A finder is attached to the side of the telescope.
The field of view in the eyepiece of this finder is approximately l-
degree of arc,

The telescope drive operates at sidereal rate. Manual and autoguide
override controls are available, The Grubb Parsons autoguider operates
on receiving reflected light from the jaws of the slit. At the slit,
the scale of the image is l7hpm to | arc second. The field of view at
the autoguider eyepiece is only about 20 arc seconds, so correct centering
is important, The faintest object able to be held on the slit by the
autogquider is a ninth magnitude star. Manual override controls can be
used instead of the autoguider during variable seeing conditions, or

when large amounts of background light are present,

L.1.5 calibrations

A tungsten lamp is mounted between the top mirror and the slit.
1t can be swung around into the optical path of the spectrometer for
flat field oBservations. The results obtained from the spectrum of the
tungsten lamp indicate the differing responses of individual diodes to
white light., Dividing any recorded stellar spectrum by the appropriate
tungsten spectrum (for that particular wavelength range) will therefofe
remové any diode-to-diode responsivity variations,

For calibration purposes, a neon arc lamp is also available. This
lamp is mounted off-axis above the slit. The neon light can be directed
down the spectrometer by means of a retractable flat mirror. This is

the same flat that is used to direct the light of the image of the star
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through to the 7 arc minute eyepiece mounted above the slit,

In order to locate a specific region of the spectrum to expose
the detector to, some method of calibrating the angle of the diffraction
grating in terms of the waveband available for observation had to be
devised. Dr. Dianne Harmer (the astronomer in charge of the 30-inch
telescope) had previousl* exposed a number of pho£ographic plates to
spectra produced by the neon lamp on the spectrometer. Five exposures
were taken on each plate. The setting of the grating angle was altered
by 0.5 degrees between each of the five exposures., Seven plates were
available for the calibrations,

The wavelength was determined for the central position of each
spectral "Ystrip" on the plates by comparison to a reference set of
neon spectral lines borrowed from Dr, Harmer, Table 4.1 showé the values
of the grating angle and the corresponding central wavelength for each
strip on four of the seven pfates. These twenty points gave sufficient
information to plot a graph of the diffraction grating angle against
the centre of the available waveband (see Figure 4.4). The best
straight line is drawn through these points using the least squares fit
method,

It was highly unlikely that the position of the diode array would
exactly coincide with that of the previously analysed photographic
plates, However, it was now known approximately which region of the
spectrum was expected to be observed for any particular grating angle
setting.

The angular dispersion of a grating spectrometer is given by

(Jenkins and White, 1957):

AB /AN=m/d cosO | (4.1)



Table 4.1

Wavelengths associated with each grating angle

on the analysed photographic plates

Plate number

Grating angle

Centre of obsgrved spectrum

(degrees) (R)
46.0 5521 (first order)
Ls.5 5702 "
9 45,0 5866 "
4y .5 6042 "
Ly 0 6215 "
38.8 4063 (second ofder)
38.3 L167 "
12 37.8 L4257 "
37.3 4351 "
36.8 L4450 "
36.5 L4511 "
36.0 L4607 "
7 35.5 L4695 "
35.0 4786 "
34.5 4871 "
34.5 4869 "
34.0 Loblh "
8 33.5 5052 "
33.0 5148 "
32.5 5248 "
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]

where 6 = angle of the diffracted light from the grating normal

]

m = order of the observed spectrum

d

line spacing on the grating
From equation (4.1), it can be seen that the smallest dispersion is
along the grating normal (where 8 = 0), and the dispersion increases

slowly on either side of the normal. For small values of 8,

cos 8 = 1

R

ie. AB/AA m/d

Therefore, for different spectral lines in the same order,
Agoec AN

In other words, unlike a prism spectrometer, the grating spectrometer
provides a linear wavelength scale. A small displacement in the
pGsition of the array from tﬁe position of the photographiclp]ates wou 1d
therefore not significantly affect the slope of the line in Figure L. 4,
Because of this, it was only necessary to locate the centre of the spectra
observed with the diode array for a minimum number of different grating
angle settings. 1{in this case, four points were located using the AIOde
array data. A line was drawn through these four points parallel to

the line obtained from the photographic plate data. This graph (shown
in Figure 4.5) now indicates the approximate centre of the diode array
(expressed in units of wavelength) for any particular value of the

diffraction grating angle.
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4.2 Observation Program

The initial planned objective of this project was to observe 8§ Scuti
type variables. A comprehensive survey on & Scuti stars is given in
Baglin, et al, (1973). These stars are short period variables with
possible non-radial pulsations. The periods are not necessarily constant.
Beat periods have been observed which are believed to be due to the
superposition of two or more sinusoids. Difficulties arose in this line
of research since not a great deal of work had been published on this
type of star. As we were using a new type of detector, it was desirable
to compare some of our preliminary results with published work. Also,
the response linearity of the Plessey photodiode érray had not yet been
investigated. Light changes of less than 0.05 magnitudes are experignced
by 6Scuti stars, and it was not known if these variations would be
observable. However, one observation was made of & Sct itself, but any
features present were smeared out during the long {over 90 minutes) exposure
time (see Section 5.6).

Thp second choice of research area was to investigate the ¢ Cepheid
(or p Canis Majoris) type of variable. This is the hottest type of
variable known. Much observational research had been carried out on this
type of star (eg. see Lesh and Aizenmann, 1978, for a summary of the
collected data on p Cepheid stars). Light variations can be as much as
0.1 magnitudes, with approximately 180° phase lag. However, upon determining
the positions of well-observed ¢ Cep stars in the sky, it was found
that only one or two were visiblé to us aF the time. But quite a long
period of time was spent observing one of the p Cep stars with the diode
array, namely ¥ Pegasi (see Section 5.5).

After consultation with Dr. Dianne Harmer of the RGO, it was decided
to spend the majority of the telescope time observing luminous supergiants.
Dr. Harmer had an interest in supergiants, and it was felt that we could

benefit from her knowledge of the subject, and she could possibly gain
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further information from our near-infrared observations.

4.2.1 Description of observations

A1l of the observations described in this work were carried out
at the Royal Greenwich Observatory at Herstmonceux. The telescope used
was the 30-inch reflector plus spectrometer located in dome A of the
Equatorial Group. The Plessey diode array was placed at the coudé focus
of the telescope in order that the detector system should remain fixed
while the telescope was free to track a particular star across the sky.
The observations took place during the period from August 8th to
August 26th, 1978. Over this period, data weré collected for 107
separate observations of 19 different stars. A further 212 runs were
also logged, These latter runs consisted of setting up procedures
(eg. optimization of the diode array input voltage levels), noise
measurements, detector linearity measurements, neon calibration runs,
flat field tungsten calibration runs, and several scrapped runs. A
bgén was s;rapped for one or more of the following reasons:

(a) equipment failure - In particular, problems were experienced
with the buffer memory in the early stages of the project. Bad contacts
in the logic circuitry caused a loss of memory during some runs.

(b) weather conditions - Poor seeing conditions could cause the
autoguider to gquide off of the star. |If this mis-tracking was not noticed
and corrected for in time (by manual guidancé of the telescope), the
run could be contaminated by the moon or other stars. This problem was
especially serious when observing stars close to the horizon, where one
is looking through a much thicker layer of the earth's atmosphere.

(c) operator error - In particular, the switch activating the
run tetminate sequence was, on occasion, mistakenly selected (instead of

the NDRO switch). |If this mistake occurred near the beginning of a
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run before a significant signal had been collected, the run was scrapped.
This error was primarily due to the close proximity of the two identical
switches on the front panel of the integration control module. An
improvement on this design will eliminate the problem in the future.

Table 4.2 shows the characteristics of the observed stars, and the
number of runs taken at each wavelength interval for each star. The
first three co]umﬁs are self-explanatory. Column four indicates the
spectral type of the star. Columns five and six show the absolute and
apparent magnitudes (where known) from the authors given in the references.
On the continuation of table 4.2, column seven repeats column one.
Columns eight to ten indicate the number of runs taken at each of the
wavelength regions observed. The particular features under observation
were located near to the centre of the 110A range seen by the array in
one run. This positioning was to try to avoid any end effects in the
subsequent analysis of the data which might affect the spectral feature.
Column eleven lists any particular comments regarding the stars, and column

twelve 'shows the more common name for the brighter stars.

4.2.2 |Instrumental set-up

Once the decision was takeét%o which stars to look at, and what
particular region of the spectrum to investigate, it was necessary to
determine which part of the spectrum wa; available from the angle of
the spectrometer grating. See section 4;1.5 for a description of the
calibration for the grating. |In brief Dr. Dianne Harmer gave us
photographic plates exposed to the spectrum of an iron-argon arc. The
spectrometer grating angle was known for each strip of spectrum recorded on the

plate. By comparison with iron-argon wavelength charts and MIT



Table 4.2

Characteristics of observed stars

Name

HD

HR

Sp

v mV
¥ Peg 886 39 B2IV -3.0 +2.
p And | 6860 337 MOL L] +0.2 +2.
o Per 20902 1017 F51b -4.5 1,
v Per 23230 1135 FS11 -2.2 +3.
€ Aur 31964 1605 A8la -7.0 +3.
= Boo 124897 5340 K21 11p -0.3 +0.

89 Her 163506 6685 F2la -7.0 +5.
« Lyr 172167 7001 AOV +0.5 0.
§ Sct 172748 7020 F3111-1V - +h,
8 Cyg 194093 7796 F8ib -5.6 +2.
« Cyg 197345 7924 A2la -7.5 +1.
§ Cvg 200905 8079 K51b -4y +3,
2 Agr 204867 8232 GO!b -4.5 +2.
¢ Pog 206778 8308 K11b -4 +2.
o« Aqr 209750 8414 G2lIb -4.5 +2.
¢ Peg 216735 8717 A1V +0.7 +h,
56Peqg 218356 8796 KOlb 2.3 +h,

- 218396 8799 AS - +5.
v And 223047 © 9003 GSIb -4.5 +5.




Table 4.2 (continued)

Name n(ﬂx) n(7774) n(8446) Comments Common name
¥ Peg 12 1 b p Cep Algenib
p And - - 4 - Mirach
« Per - 3 - - Mirfak
v Per - : 1 - - -

€ Aur - 3 - P Cyg -

= Boo 3 - - : - Arcturus
89Her 2 ] ] ﬁuemission -

x Lyr 21 14 b - Vega

§ Sct - - ] § Sct -

s Cyg - 3 - - Sadir
x Cyg 2 4 | P Cyg Deneb
$ Cyg b - - - -
pAgr | - 3 - - -

£ Peg 5 - 3 - Enif

. Agr - 1 - : - Sadalmelik
p Peg - 2 - Broad lines -
56Peg - 1 - - -
(HR8799) - [ - - -

¥ And 2 | - - | - -




Table 4.2 (continued)

References

Lesh & Aizenman (1973)

Bonsack & Culver (1966)
Sorvari (1974)

Allen (1976)

Hack & Selvelli (1979)

Osmer (1972)

‘Baker (1974)

Abt (1957)

Kraft et al (1964)

Abt & Biggs (1972)
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wavelength tables, the wavelength of the center of each strip was
calculated for that particular grating angle, both in the first and
second orders. For the first order the reciprocal dispersion was calculated
as being ~r9ﬂ mm-], and a'h.SX mm-] in the second order. Because the
exact position of the diode array relative to that of the photographic
plate was not known, several calibration lines had to be located on

the diode array output. Since the mean dispersion of the spectrometer
remained relatively unchanged over the fpcal area, a line with the same
gradient as above could be drawn through these new calibration lines,
This yields the approximate central wavelength of the diode array for a
given angle of the spectrometer grating. Since the array could observe
~ 1108 at one time (in the first order), the accuracy of the grating
angle (+ 071) was sufficient to ensure that the desired spectral feature
would fall on the array. Nevertheless, before and after each wavelength
run a neon spectrum was recorded. This allowed a Eheck to be made on

the range of wavelengths observed across the diode array,

4

4.3 Data Acquisition and Reduction

4.3.1 Data acquisition

As described in section 3.3 on the operation and control of the
experiment, the control of the equipment is carried out by means of a
PDP11-03 minicomputer, The communication language is CATY2,

The-CATY language was developed at the Daresbury Nuclear Physics
Laboratory jointly with Francis Golding of Applied Computer Services
Limited, Manchester. CATY is a subset of BAS!C with many advantages,
such as ease of modification and editing of programs. In BASIC, each
statement is compiled and executed sequentially. This differs from CATY,

On the RUN command, the entire CATY program is first compiled into object
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form and then executed. The program must be compiled again each time
the RUN command is issued, as the object program is not stored. Since
the entire program is compiled, the time between the execution of
consecutive statements is greatly reduced, thus favéuring real-time
applications. Also the direct manipulation of CAMAC hardware is a
prominent feature of the CATY language.

The original version of CATY (called CATY1) has few logical and
arithmetic facilities. |t is intended mainly for the testing of
equipment with a small computer. CATY2 is an upgraded version of CATYI,
with, among other improvements, an extended range of arithmetic functions.
The CATY2 compiler for the Digital Equipment Corporation PDP11-03
computer was obtained from Francis Golding Associates of Manchester.
Modifications to the system are being carried out to include a floﬁpy
disk unit to run under RTIl. FGA are to supply RT11 handliers to support
our existing peripherals. A version of CATY which runs under RTII has
already been obtained, but presently, without the extra RT1l device
handlers, all input and output is via disk.

The data acquisition program (Hedge, et al, 1978) collects information
about the conditions of the diodes in the array. The program.stores
the diode array information as four blocks of computer memory. An
intermediate CAMAC memory exists in which each of the four blocks in
turn is sequentially built up and stored. When a readout frame is complete,
the 512 words of information are transferred from this buffer memory
to the resident memory of the computer. At the end of an observing run,
when all four blocks have been sent to the computer memory, the operator

can decide whether to display, print, or dump the data.
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L4L,3.2 On-line data storage

The first block of memory contains the fixed pattern noise (FPN1) on
all of the diodes prior to any signal being induced in the array.
Figure 4,7 shows an example of FPNI before commencing an observatioﬁ.
The signal levels in FPN1 are collected after recharging the diodes for
twenty frames, This repetitive recharge ensures the removal of any
residual signals present on the diodes. With these dark level signals
in the memory, the starting point of an integrating run is available,

The second memory block contains the most recent non-destructive
readout levels, Figure 4.8 shows a typical NDRO collected from the array.
The array is scanned as if for a double sample readout (see below), but
the recharge pulses are suppressed, At any time during a light integrating
run, a manually requested interrupt (via the front'pane] of the integration
control module) will trigger a software routine to commence a NDRO cycle.
As well as the abgolute signal levels of the diodes being presented to
the operator, a reduced NDRO is calculated and displayed. Figure 4.9
shows an example of this reduced output, consisting of 128 signal levels.
These levels are composed of the sum of the signals on a pair of
adjacent diodes, minus the sum of the two fixéd pattern noise levels
(from FPN1) for the same pair of diodes. In the case of the example
iVlustrated, the central feature is the Balmer H-alpha absorption line
in 89 Herculis. The displayed output of the reduced NDRO is scaled such
that the vertical limits of the display approximate to the signal levels
between which the ADC is able to digitize, In this way, NDRO
observations can be used to monitor the build-up of the spectrum until
a satisfactory amount of signal has been received. The run can then
be manually terminated, knowing that no signal saturation in the electronics
has taken place, and a good signal to noise ratio has been achieved.

Since the construction of the on-board shift register is such that pairs
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of diodes are addressed at a time (to conserve area on the chip), the
resolution of the observed spectrum is only half as good as that with
the final double sample readout. Each time that a NDRO is requested and
executed, the new NDRO levels are written into the second memory block.
Since unlimited memory space is not available, and only the current NDRO
is considered to be of interest, overwriting previous NDRO's is the most
appropriate method of storing this information.

The third block of computer memory contains the double sample
output from the diode array. Figure 4.10 shows the double sample readout
after.the NDRO from Figure 4.8. After the completion of a run, the
data acquisition program is used to control the method of collecting
the total array information, Tﬁe double sample readout is achieved by
first recharging one of the diodes in the linked pair, and then the other,
For each pair of diodes, the following four signal levels exist:

a) the base line level of the ADC;

b) the sum of the signals on both diodes;

c) Fhe signal after one diode has been recharged;

d) the resultant signal after both diodes have been recharged

(i.e. the diode zero level),
By subtracting the appropriate levels, one can obtain the signal level
on each individual diode due to the light (and/or the dark current) it
has been exposed to during the integration period. Figure L4.11 illustrates
this reduced double sample readout. This information plus the total
array information (from Figure 4.10) are displayed to the operator. The
reduced spectrum is that information which is to be saved in a short
dump (see section 4.3.3).

The final block of memory in the computer contains a second fixed pattern
noise readout (FPN2), After the execution of a double sample readout,
the diodes are left in a fully charged condition, allowing another chance

of observing the fixed pattern noise. After twenty recharges (to remove
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all of the accumulated signal), FPN2 is recorded (see Figure 4.12) so
that it can be compared to FPN1, Comparison between the two fixed
pattern noise spectra can indicate whether or not the diode array has
experienced any overall drift in the spatial noise over the time taken

to complete a particular integrating run, The differences between the
two fixed pattern noise readouts described above is shown in Figure 4,13,
One can see that, with the obvious exception of three diode pairs, a
relatively constant change in the zero levels across the array has
occured during this integration period. The length of this particular
run was 29 919 frame times, or L9 .87 minutes (allowing for the 100 ms
duration of each frame). One ADC unit measured along the ordinate is
equivalent to 1,22 mV (see section 3.3.1). This gives an average

drift of the diode zero levels of 0.2pV.sF] for this particular run,

or a total drift of 61.0 mV. One possible cause of tHis.drift could be
attributed to small temperature changes in the diode array chip, being
more noticeable after long integrations, The change in the ADC base
finelevels is very small. This is expected with the Burr Brown ADC
used, with a maximum drift of 23 ppm OC_]. This is equivalent to a

drift of 28 nv OC-], or less than one ADC unit for a ten degree temperature
change. The three ""high' diode pairs are believed to be due to some form
of pick-~up during the double sample readout. This fault occured
intermittently on previous and subsequent runs, and coqld not be entirely

eliminated,

4,3.3 O0ff-line data storage

The only output system available for the off-line storage of data
was paper tape. As each run was completed on the telescope, the
collected data was output onto paper tape in what was termed either a

long dump or a short dump. Both dumps contain descriptive parameters
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of that particular run, such as the run identification number, exposure
time, time of last NDRO, etc. (Time in this sense is measured in the
number of frames elapsed since the start of the run, each frame being
100 ms long). These parameters are located at the start of the tape
and form the tape header. An examplc of the inforiation avaiiabie from
a typical tape header is shown in Figure 4.14. This header is, in fact,
from the run information displayed in section 4.3.2 above.

The short dump contains information regarding the amount-of signal
collected by each diode. This is the reduced double sample spectrum,
and is the data from which the astronomical information is derived.

The long dump contains:

a) an initial fixed pattern noise spectrum (FPN1);

b)- the most recent NDRO spectrum;

c) the double sample readout, exhibiting the sum of two adjacent
diode signals, the signal with one of the pair of diodes recharged, the
signal with both diodes recharged, plus an ADC base ljne level for each
diode pair;

d) a final fixed pattern noise spectrum (FPN2).

Each of the four blocks of computer memory contains 512 words of
information.

For the majority of runs, a short dump was considered sufficient,

as the signal collected by each diode for that particular observation is

| the most important information to be gathered. However, if any problems
or difficulties occurred during the exposure, or a star was thought to be
particularly interesting at a given wavelength, then the information was
retained in a long dump of that run. The information contained in a

short dump can be retrieved from the long dump at any time after the

execution of the observing run.



RUN NUMBER 11k

INTEGRATION PERIOD (SELECTED) 100000
NO. OF INTEGRATIONS 1
FPNI AT FRAME - 20
INTEGRATION BEGAN AT FRAME 35
LAST NON DESTRUCTIVE READ AT . 29815
LAST INTEGRATION FINISHED AT FRAME 29954
FPN2 AT FRAME 30004
INTEGRATION PERIOD (ACTUAL) 29919

FIG. 444 TYPICAL EXAMPLE OF TAPE HEADER
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L.3.4 Data transfer to NUMAC

The reduction and analysis of the collected stellar spectra were
carried out at Durham using the Northumbrian Universities Multiple
Access Computer, or NUMAC. As no fast paper tape reader was avai]able
at Durham at the time, this left only two alternative methods for getting
the data into NUMAC. The first method was by means of submitting a
batch job to read in the paper tape on a mechanical reader and store
the data on a personal disk file. The batch job had to be submitted
on punched cards along with the paper tape to input. At times it would
take several days for the file to appear on current disk space. Also,
there was no guarantee that the paper tape would ever reappear. A quicker
and more reliable method, though more tedious, was to first obtain a
hard copy printout of the short dump data on our own ASR33 teletype via
the PDP11-03 mini~computer system. From this hard copy the data were
manually typed into a disk file via a NUMAC VDU. Each file‘of 256
numbers would take approximately fifteen minutes to input. In this way,
the data were available for immediate use, Admittedly, for a large number
of runs, the first method would be more efficient, But as each of the
run outputs was dumped onto a piece of paper tape only about two metres
long, a large number of runs would have to be copied onto a single
paper tape so that the possibility of the misplacement of individual run
data tapes could be eliminated. Subsequently, since usually only one or

two spectra were to undergo analysis at any given time, the manual

input of the data directly onto computer filespace was adopted,

4. 3.5 Data reduction

The first step in the reduction of the data was to counteract the

odd-even effect (ie. the observed splitting between adjacent diode signal
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levels),

Due to the geometrical construction of the array chip, the on-board
circuitry is located on either side of the line of detector elements,
The electronics associated with odd-numbered diodes are situated on 6ne
side of the array, and those associated with even-numbered diodes are
located on the other side (see Figure 4.16a). No part of the chip ié
masked, and as such, light falling onto areas other than the detector
elements gives undesireable effects. When light overspills onto, say,
the left hand side electronics, alternate diode signal levels appear to
increase (see Figure 4.,16b), This apparent increase is due to the gain
of the on-board amplifiers being affected by the incident light. Overspill
of ligﬁt onto the right hand side electronics Eauses a similar effect
on the complementary set of alternate diodes. The actual effect on
the gain is a function of the sensitive area illuminated, which cannot
easily be measured,

This splitting problem is‘further complicated by the fact that the
séectrum of light and the array of diodes are not colinear (see Figure
L4 16c). This results in varying degrees of amplifier gain effects along
the line of array elements, A FORTRAN program was written to attempt to
rectify this problem.

In ihe reduction program, the difference in signal levels between
pairs of adjacent diodé levels is divided by the sum of the signals of
the same two diodes. Extreme values are removed, as these pertain to
spectral features. Only from near the continuum can the odd-even effect
be determined. At this stage in the analysis, there are up to 128 values
with which to continue. These resultant values are used to ca]culate-
the best straight line that can be drawn through them all by the least
squares method. The equation of the line yields the predicted amount

of splitting between any two adjacent diodes along the spectrum., The
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set of alternate diode levels which are high are reduced by the
appropriate splitting factor in an attempt to diminish the unwanted
signal as far as possible. The data are now ready for the removal of

the diode to diode variations. Figure 4.17a shows the raw spectrum

of the K-type supergiant epsilon Pegasi (E Peg), with H-alpha as

the strong absorption feature on the right hand side. Figure 4.17b illu-
strates the resultént spectrum when the odd-even effect has been removed
as far as possible.

In order to remove the diode responsivity variations from the data,
it is necessary to divide each stellar spectrum by a flat field spectrum.
After a run was completed at a particular diffraction grating setting,

a tungsten lamp was introduced into the light path in place of the star
(see section 4.1.5). This source of white light gi?es the nearest
approximation to a flat field. Small variations were encountered in the
flatness of the illgmination. For example, a fall off in intensity at.
the blue end of the tungsten spectrum was occasionally observed. The
image of the star on the slit was believed to be not in the same position
as the image of the centre of the tungsten bulb. Light variations across
the image of the bulb could yield this effect.A In the same manner as

for the raw stellar spectra, the tungsten data are also corrected for
splitting. 1In addition, the blue end fall off is also corrected for,

to give a nearly straight line on which the diode variations are superposed.
The stellar spectrum is then divided by the appropriate corrected tungsten
spectrum (both spectra collected with the grating angle unchanged) to
yield a spectrum in its best form for analysis. The final reduced form

of the spectrum of g Peg from above is shown in Figure k.17c.
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CHAPTER FIVE

PRELIMINARY OBSERVATIONS, DATA HANDLING, AND DATA ANALYSIS

5.1 Spectrum Collecting Procedure

Once the angle of the spectrometer grating (with respect to a fixed
plane) was calibrated on a wavelength scale (see section 4.1.5) it was
possible to select any position of the spectrum from 4000 Ato 1. pm (in
a 110 A window) for observation. The summary of steps taken in procuring
a stellar spectrum are as follows:

1) set the grating angle for the desired, approximate, wavelength
region;

2) observe and identify neon lines with the array to discover the
true spectral rangé being observed, and record the neon spectrum;

3) substitute the star light for the neon light and commence the run-—
by monitoring progressive non-destructive readouts, determine the attainment
of a satisfactory signal-to-noise ratio, terminate the run, and fecord the
spcéfrum;

L) substitute the tungsten source fof the star light to obtain a flat

field spectrum, and record this data.

5.1.1 System check-out

By far the most observed stellar feature during the entirerexperimental
period waé H-alpha (6563&) in alpha Lyrae (x Lyr). The brightness of xLyr
(+0.04 magnitude) allows a spectrum to be obtained in a very short time
(approximately two minutes), and the strength of H-alpha (QX) ensures
positive identification. Figure 5.1 shows a typical reduced double sample
recording (before any off-line data reduction) of H inolyr after an

exposure time of 121 seconds.
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When observing stars at qx that are fainter thanoxlyr, a system
check-out was carried out by first locating xLyr in the sky, and record%ng
it's %x spectrum. Fine positioning of the detector (see section 3.2) could
then be carried out in minimal time to reduce the splitting effect in
the final stellar spectrum. Once the optimum conditions were reached
for «xLyr, the telescope was pointed at the desired star, and the run
commenced. In fact, xLyr was the first star looked at each night of

observing, to ensure that the equipment was all functioning properly.

5.2 Interpolation of the Data

_With the spectral data in the final reduced form (ie odd-even splitting
removed and flat field response compensated for), several different analysis
methods could be employed. Multiple, shifted spectra were necessary for
sampling at the Nyquist rate or better. Therefore, interpolation of the
data was carried out to different degrees botﬁ to calculate spectral
dispersions and to locate the positions of spectral features to within
‘fract;ons of a diode. Radial velocity and equivalent width measurements
could then be determined from the interpolated data.

The method of interpdlation follows that of Lanczos (1964). The 256
diode qata points are read into ainRTRAN program which carries out the
interpolation. One can represent the spectrum by the function f(x), for
x = 0 ta 255, and the 256 data points by the equidistant samples contained
in the set { fm}. For the best results (ie. minimization of the Gibbs effect),
it is necessary for the function and the first derivative of the function
to have the same values at both the beginning and the end of the chosen
period. This can be achieved by selecting the interval of operation as
[ -k, +k ], where f(x) operates only in the positive half. Defining f(x)
in the negative half as an even function circumvents the discontinuity

problem, since f(-k) = f(k), but the discontinuity in the first derivative



may still exist. This problem is resolved by subtracting a linear function

(ax + b) from f(x), with the condition that, if

hi(x) = f(x) - (ax + b)

then0) = h(k) = 0. Defining h(x) in the negative half of the interval

of operation as an odd function, then

h(-x) ~h(x)

h(k).

yielding h{-k)

This gives continuity in both the function and it's first derivative, and
minimizes the Gibbs effect. A final zero value is added to the end of

each data set. This brings the total number of data points up to 512, or

9

2, as required for input to the interpolation routine.

The actual interpolation of the data wés carried out-by using the
FdRTRAN NAG library subroutine CO6AAF, to determine the Fourier transform
of the now-512 point data set. Enough zeroes were added to the transform
such that, upon re-transforming the data from frequency-space, the desired
number of data points exist between the original data. For most purposes,
eight-fold interpolation was achieved (ie. seven points interpolated
between each-pair of original data points), whereas for dispersion measure-
ments, only two-fold interpolation was necessary to give the required
accuracy.

After interpolation, one-half of the spectrum is then re-orientated
by the addition of the original linear function (ax + b) to restore the
features to their correct intensities. The other half of the interpolated

spectrum is ignored as it is only an inverted reflection of the spectrum.
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Convolution of the interpolated spectra with window functions was found
not to have much effect, and therefore not carried out.

Where possible, several stellar spectra were collected with the
grating angle altered, by less than 0.1 degree, between exposures. This
had the effect of positioning the desired spectral features on different
diodes. The interpolated, shifted, spectra were then superposed, and the
exposures were averaged. This had the effect of reducing the diode

sensitivity noise, and improved the continuum fitting.

5.3 Calculation of Equivalent Widths

A typical stellar line profile is represented by a Voigt function,
which s the convolution of a Gaussian profile and a dispersion profile.
Most medium strength lines can be apprbximated by a Gaussian function
(Smith and Dominy, 1979), having a strong core and very weak wings. Since
these lines are generally not strong enough to have significant wings,
the wings can be approximated to triangles (Patchett, et al, 1973).

With the spectral region containing the line of interest interpolated
to the desired degree (in this case, eight-fold), two points of inflection
are located (I] and 1, in Figure 5.2), one on either side of the line minimunm.
A search is then made, working in towards the line center, to locate the
maximum gradient between adjacent points on each side of the line (indicated
by 9, and 92)' The lines with these gradients are then extended upwards,
towards the continuum, to form two right triangles (T] and TZ)' The area
of the spectral line results by adding the areas of TI and T2 to the area
between, calculated as the sum of the individual trapezoidal areas.

Division of this sum by the height of the continuum yields the equivalent
width.

It is best to carry out £his determination after a number of slightly

off-set stellar spectra have been added together and'averaged. This allows
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FIG.5-2: MEASUREMENT OF EQUIVALENT WIDTHS BY
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any diode sensitivity variations to be reduced, and affords a better
determination to the continuum level. In these equivalent width measurements,

the continuum is defined as the best line drawn through the local high spots

on the spectrum (Luck, 1977).

5.4 Detector Dead Space

The 4:1 mark-to-space ratio of the detector array (see Figure 2.2)

has been investigated for undesirable effects on the collected spectra,
The projected slit width at theAdetector was 37 pm, being well matched
to the diode width of 40 pm. The 37 pm slit width corresponded to one arc
second on the sky. For any particular specfral absorption line, the
minimum has a finite probability of falling inside the 10 pm wide dead
space bétween adjacent array elements. Also, if the line minimum misses
the dead space, but falls near to the edge of a diode, then the shape
of the line can still be affected.

_This section deals with the possible effects of this 20% dead space
on spectral lines. The ideal would have been to sca; a narrow (<10 pm
wide) beam of light along the length of the array to observe the variation
ofAresponse with position. However, at the time the necessary equipment
was not available. An idealized computer simulation was carried out to try
and investigate this problem. |t is important to note that the results
obtained here are believed to describe the worst case possible. In reality,
the so-called ''dead'' space cannot be considered truly dead. Charges
created by the longer wavelength photons will still tend -to be detected
(via diffusion through the bulk material) even if the photon misses the

sensitive area (see Figure 2.4).

5.4.1 Computer simulation

Computer simulations of the detector array were carried out using



Gaussian curves to represent spectral lines (Kraft et al, 1964, and Smith

and Dominy, 1979). The Gaussians were calculated by the formula
6x) = (€/Zw) L exp (-x%/,,2)

whereby the shape of the line can be completely described by the standard
deviation, 6. Different line widths were chosen simply by varying ¢ in
steps between values of 1.0 (ie. 0.2 diode) and 10.0 (ie. 2 diodes). The
simulation of the absorption line was realized by subtracting the values
of G(x) from ‘a chosen continuum level. Values of x were chosen such that
five equi-distant points would cover the detector pitch of 50 pm. The
detector simulation computer program pléts the shape of the line ''seen'' by
the array, by ignoring every fifth x-value (incident on the dead space),
and averaging each remaining group of four x-values. In this way, five
different spectra are created for each simulation, with the line minima
successively falling on each of the five 10 pm wide bands, and tHe igndred
poin;s progressively stepped through the data set.

-Figure 5.3 shows the results of the computer simulation for input
lines with standard deviations of 1.0, 2.5, 5.0 and 10.0, labelled a,b,c,
and d, respectively. Note that only three examples are indicated for each
value of . This is due to the symmetry éf the simulations, whereby the
first and second of the five possible output lines are merely mirror images

of the fourth and fifth lines. The right hand side of Figure 5.3 indicates

that part of the array upon which the central minimum of the line falls (ie.
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either between adjacent diodes, on the edge of a diode, or just off the diode

centre).

Observation shows that the effect of the line minimum position is only

just noticeable in the 6 = 10.0 case (d), but for values of 6 = 5.0 and less,

the effect becomes more pronounced. Table 5.la shows the actual numbers
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Measured areas of simulated detector output lines

Ta

ble 5.1

L]

Line minimum position

between diode diode
diodes edge center
G Inpgt A B c
10.0 1.000 0.798 0.797 0.797
5.0 1.000 0.798 0.798 | 0.798
2.5 1.000 0.797 0.798 | 0.802
1.0 1.000 0.601 0.758 | 0.941
b
Above areas x 5/ Above lines interpolated
G Input Al B! c! A(l) B(I) c(1)
10.0 1.000 | 0.997 | 0.997 0.996 | 0.93) 0.924 0.923
5.0 | 1.000 0.998 0.998 0.998 0.926 0.925 0.924
2.5 1.000 | 0.996 | 0.998 1.002 | 0.999 | 0.987 0.995
1.0 | 1.000 1o0.751 | 0.947 | 1.177 | 0.768 | 1.062 | 1.380
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involved in each of these four cases. The input column lists the normalized
area of the input Gaussian curve for each value of 6. The next three
columns show the measured area of the detected line for each of the three
positions of the line centre.

For values of ¢~ of 10.0, 5.0, and 2.5, the measured areas are
apprqximately 20% lower than the input areas. This is due to the simﬁlation
program discarding every fifth data point. Multiplying these area ‘values
by 1.25 yields the numbers in Table 5.1b, and somewhat compensates for the
relatively simplified simulation. However, now it is seen that for one
case in the = 2.5 line (when the line minimum is nearest the diode centre)
the measured area is greater than the input area. This occurs when the bulk
of the line is locatéd on the sensitive diode area. The scaling factor of
1.25 is therefore not entirely suitable in this case, when only a small
fraction of the line falls on the dead space. This also occurs for the
6~ =1.0 case, but when the line centre falls between diodes, even the
scaling factor cannot compensate for the lost information. It is obvious
herc:?hat the pésition of the line on the array is extremely important.

;he last three columns of Table 5.1b show the areas of the output
lines after the original data (from Table 5.1a) have been interpolated
eight-fold, as described in section 5.2. The areas are calculated by the
triangle-trapezoid method of Patchett, et al (1973), described in section
5.3. It can be seen that for the wider lines the interpolation of the data
can compensate quite well (to within 8%) for the information seemingly lost
on the dead spaces. For the line with 6 = 1.0, there is too little information
for the interpolation program to work on satisfactorily, and errors of up
to about 4Q0% can occur. Also, interpolation of very narrow lines results
in multiple secondary minima occurring, with corresponding minima being

above the continuum level. This will contribute errors to measurements as

well,
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Inspection of the collected stellar spectra shows that most of the
lines of interest have their nearest equivalent to a Gaussian line with
6 = 5.0, and some with even greater values of § . This means that they will
not necessarily have been adversely affected by the detector dead spacel
Also, the interpolation will.tend to constructively smooth out any irregu-

larities in the data.
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5.5 Garma Pegasi

Gamma pegasi (KPég) is an intrinsically variable star of the beta
Cepheid typé, with a period of 0.15175 days, a mean magnitude variation of
0.013 (Sareyan, et al, 1976), and a mean radial velocity amplitude of less
than 4.5 km.s - (Ducatel, et al, 1981). Observations of ¥Peg were
carried out in the wavelength range of 6475A to 6615A to try to obsérve
the star at H-alpha (6563A) for one complete period. Due to the lateness
of its appéarance in the sky, ¥ Peg was only visible each night for about
two hohrs out of its 3.63 hour period before daylight interfered with
observations. Each exposure lasted approximately 20 minutes. Five
consécutive runs were collected on the night of 1978 August 14/15 (run
numbers 91 to 95), and six runs (numbers 166 to 171) were collected on the
night of 1978 August 17/18. Smith and McCall (1978) give the ephemeris

RV ax (JD) = 2434266.854 + n x 0.15175020
for the radial velocity of & Peg. This means that 77% of thé total period

was observed (see Figure 5.4).

5.5.1 Radial velocity measurements

The first step in calculating the radial velocity of ¥ Peg was to
détermine the wavelengths of particular points on each of the interpolated
stellar spectra. Neon calibration runs (see section 5.3.1) yielded, in
this case, two reference points on the spectra, namely at 6506A
and 65324 (see Figure 5.5) Close inspection of selected positions of the
spectra with the superpositions of the interpolated neon spectrum enabled
the reference wavelength positions to be located. The dispersion and
wavelength range of each spectrum was then determined.

The second step was to distinguish between telluric lines and
stellar lines. For each of the two sets of consecutive runs, the positions

of prominent lines were recorded. Lines that appeared in the same position
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in each set were designated telluric lines, since they aré forméd by
absorption in thé éarfh's atmosphére and would be expectédvto rémain fixed.
Lines that appeared to move progressively to the left or right (relative
to the téllﬁric lines) in successive spectra were assumed to be due to the
star, with thé apparent movement being due to relative motion of the star
along the Tine of sight. This motion is due to a combination of both

thé relative movement between the center of the star and the observer,

and any éxpansion or contraction of the observed stellar atmosphere.

Using thé values calculated for the dispersion and the wavelength range,
combinéd with a list of probabfe telluric lines, the wavelengths of some
of thése non-moving lines could be determined. The wavelengths of the
stéllar spectral lines were then determined by their posftlons relative

to each other, plus the fact that Ha(is an unmistakeable feature present
in theﬁé spéctra.

The displacement of the stellar lines from their expected positions
on the spéctrum will give the radial velocity of the star, but only after
thexgorréction for the relative motion of the observer has been applied.
The méthod of correction described (Harmer, 1978) permits the determination
of’thé effectivé positions of the stellar lines relative to positions
of the telluric lines.

Thére are two components to be corrected for, name]y’the correction
for thé‘orbit of the earth around the sun, Vorb; and the correction for
the diurnal motion due to the rotation of the earth on its axis,\/di.
IfAX,AY, andAZ are the first differences, from the Astronomical Ephemeris,
in the rectangular coordinates for>the Sun at the time of the observation,

then
Vop= 173 % 100 (1.AX +mAY +n82)  km.s™!
whéré ~ 1= cos 8. cos «

m=cosS8. sin«

n=sing
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and « and § are the right ascension and declination of the star,

respectively. Also,

Vyi = -.0.465 ,sint .cos § .cos ¢ km.s-]

where

¢
t

the geocentric latitude of the observatory

the hour angle at the time of observing.
The hour angle is determined by

t = LST - «
where LST is the Local Sidereal Time (in this case Greenwich Sidereal
Time), having been converted from the time of the observation (usually
measured in Universal Time) using the Astronomical Ephemeris. Finally,
the reduced velocity is given by

true Vobs * Vdf+VBrb km.s—].

The calculated variations in the connections for the relative
movement of the observer are less than 0.1 km.s—] over the time spanning
each of the two sets of observation runs, and 1.2 km.s_] between the
first exposure of the first set (run 91) and the last exposure of the
égéond set (run 171). Therefore, fhe corrections were considered to be
negligible over each of the sets of runs, and would not even be detectable
between the two sets, since at Wx a variation of 2.7 km.s_] is required
to correspond to one interpolated spacing.

As stated before, ¥ Peg only has a radial velocity variation of
less than 9 km.s-] over its period, which ié equivalent to only 0.2A at
ﬁx. The reciprocal dispersion of the detector is approximately 0.47A . diode_l.
Therefore, the maximum displacement of a stellar line due to the radial
velocity of the star will be less than one half of a diode, or only about
3% interpolated spacings.

Since a maximum radial velocity change of only 9 km.s_] was being

sought, it was realized that the detector array system could not offer

sufficient resolution to perform this task. Some movement of the stellar
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spectral lines was detected in consecutiye runs, but this movement was
always in the same dlrectlon and of the order of 0.5 to 1 diode spacing
overall for each set of runs. The most likely explanatlon for this
varying displacement is movement of the array at the focal plane of the
teléscope. Movement of this type would arise from thermal instabilities
in the cryostat. Since the orientation of the array at the focal plane
is sﬁch that the line of 256 elements is vertical, slight movement of
the array up or down will result in spectral features félling on different
array eléments. This effect is described more fully in section 5.6.
Lines that appeared not to move in successive spectra were probably’ due
to remnants of the odd-even splitting effect (see section 4.3.5) not
completely compensated:for, and individual diode response variations.

Only one neon spectrum was taken after each of the twd sets of
stellar runs. In retrospect, a neon spectrum should have been obtained
aftér éach and every stellar spectrum in which any line displacements were

being investigated. |In this way, any short term diode array movement would

be detected and could be compensated for.

5.6 'Diode Array Instabilities

An investigation was carried out after the observing period in an
attempt to understand why the features in some of the stellar spectra
which should have been visible were apparently smeared out on very long
exposure runs. Also, somé lines were seen ‘to experience a displacement
along the array during successiye runs when this should not have been so
(eg. telluric lines). Moyement of the diode array inside the cryostat due
to thermal instabilities was thought to be the cause of this phenomenon.
Laboratory tests were carried out, with a similar cryostat to the
one used on the telescope, to investigate any possible thermal instabilities

in the cold finger mounting assembly. The ofiginal cryostat described in
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section 3.1.1 was used to complete these tests. A hole was cﬁt into the
top of the Qppér cryostat section to allow a dial gaﬁgé to rést on the top
of the cold finger. As the cryostat could not now be evacuated, sultablg
insﬁlating material was placed inside the upper body to avoid excessive
heat input and reducé icing-up. The cold finger was then cooled by “immersing
Athe lower section of the cryostat in liquid nitrogen. Approximately one
hour was believed to be sufficient time for the temperature of the cold
fingér to stabilize before taking any measurements (see Figure 3.7).

The coolant level was continually replenished to the maximum during this
hour. Recordings of the dial gauge reading were then made (see Figure 5.6)
as the coo[ant evaporated, thereby.exposing‘more and more of the lower
cryostat section.

A deflection of less than 40 pm (ie less than the width of one diode)
was observéd on the dial gauge over the first 60 minutes of observation.
However, during the next 30 minutes a sharp increasé in movement was detected,
eqﬁivélént to approximately 160 pm, or more than 3 diode spacings. This
was beliéved to be due to the change in length, with temperature, of the
outér, stainless steel, part of the cryostat surrounding the cold finger.
Since thé bottom of the cold finger is firmly imbedded in the base of this
jacket, and the protruding paft was always submerged in the coolant,
any expansion or contraction of this jacket will result in a vertical
movement of the cold finger, and hence, the diode array.

These laboratory measurements were carried out during the day, when
the ambient temperature is relatiyely stable, and therefore the results
obtained were considered to be minimized. The effect could be worse while
observing, as the ambient temperature at the coudé focus of the telescope
variés during the night.

For future obseryations, the array was to be held firmly inside the

upper cryostat section by means of ceramic pillars between it and the inner
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wall of the cryostat. Thermal connection of the array to the cold finger
was to be obtained by means of copper braid, to absorb any movement of the

cold finger itself.
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CHAPTER S1X

INFRARED STUDIES OF NEUTRAL OXYGEN

In the field of astronomy, the information-obtained from the
violet end of the visible spectrum can be used to determine the spectral
types of stars. However, infrared observations are important when
gathering data about stellar luminosity, and they can also give insight
into temperature, magnitude, and mass loss (if present). In addition,
interstellar absorption is low in the near infrared, thereby facilitating
the study of galactic structure. Unfortunately, the investigatioﬁ of
stellar features in the infrared and near infrared regions of the
spectrum has been somewhat hindered by the lack of suitable detectors
that can operate efficiently in this low photon-energy range. With the
relatively recent development of semi-conductor materials for use as
solid state detectors, a great store of new information has been (and
will continue to be) made available to astronomérs and astrophysicists.

One particularly interesting area of astronomical research is
concerned with the observation and measurement of stellar absorption lines
due to neutral oxygen (0I) atoms. OI transitions between excited
states exist within a range of wavelengths from i3003 to well over lym.
The strongest unblended 0l lines (except possibly in late f-tybe
or early G-type stars) with wavelengths below lpm are at 7774K and
84463. The feature at A777h is-actually a blend of three lines, as is
the ABLLG feature. However, the components of the A8446 triplet are
separated by less than o.uﬁ, so they cannot be resolved in any except

very high resolution spectrometry.
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6.1 The oxygen multiplet of 7774R

The neutral oxygen feature at \7774 was first observed in
stellar spectra by Merrill (1925), and has since been rgcognized as
being a resolvable triplet. fhe fine centers of the three components
are at 7771.94, 7774.17, and 7775.39K. The ratio of equivalent
widths of the components is very nearly 1:1:1 in supergiants, since
the lines are situated on the flat portion of the curve of growth,

A7774 is one of the most prominent stellar features available
both for separating supergiants from other classes of stars, and for
determining absolute stellar magnitudes. Due to the high excitation
potential (9.15 eV) of the lower energy level of transition (3555),
A7774 is also very temperature sensitive. It occurs in an otherwise
clear reéion of the spectrum, remaining relatively free from blending
with either telluricorother stellar lines (A8446 can be contaminated
wﬁﬁé blends of Fel lines). It appears much stronger than A8446, with
an absorption strength ratio of A8L4L6:A\777h in the region of 0.6
(Keenan and Hynek, 1950). Even low dispersion equipment (down to 200

R.mm_]) can be used for observations (Parsons, 1964).

6.1.1 An alternative photometric index

Equivalent widths are not the only measurements that can be made on
spectral lines. A photometric index called r(0l) can be used to determine
the absolute magnitudes of F-type supergiants. The derivation of this
index is described fully in Sorvari (1973). The value of r(0l1) can be
approximately expressed as a~fun;tion of the equivalent width of

A7774 by

r(01) = 0.0741 x W(7774),, + 1.30k | 6.1
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where w(7771+)KH is the measurement of the equivalent widths of A7774
(in R) taken from Keenan and Hynek (1950), hereafter denoted KH.

Equation 6.1 only holds true provided that W(7774 is less than 1.2R.

)KH
To overcome this upper limit on the equivalent widths, the utilization

of a more extensive set of data in this formula yields an expression for

the photometric index of
r(01) = 0.0855 x W(7774) _ + 1.309 | 6.2

where \4(7771})o is the equivalent width of \7774 taken from the data of

Osmer (1972a).

6.2 A777h4 as an indicator of temperature

The intensities of the Ol lines vary with stellar temperature.
Beginning with the hotter, early B-type stars (where W(7774) is
negligible), the 0l line strengths incréase with decreasing temperature
until a maximum value is reached in the A-type stars (see Figure 6.1).
From here, the intensities decrease almost linearly through the F-type
stars, and, except in supergiants, the lines disappear in the G-type
stars (KH). As an example, for late-type giants experiencing local

thermodynamic equilibrium, the temperature dependence is given by

d(In N]) X
d(n 1) ~ kT

(from Eriksson and Toft, 1979), where
N]=-popu1ation of the lower level

X = excitation potential
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T temperature

k

Boltzmann's constant.
So for a change in stellar temperature of only 3%, the lower level
population, Ny, will change by a factor of 2.

The relationship between W(7774) and temperature is best explained
by separating A-type stars from F and G-type stars. Consider first the
latter of these two groups.

In cooler G-type stars, the negative hydrogen ion is the dominént
source of continuous opacity. The simple proton-electron combination
of the hydrogen atom is highly polarized, and can combine with a free

electron, emitting a photon of 0.754 eV.

H+ e ~—> H + hv

These extra electrons are supplied by the ionized metals. With plenty
of negative hydrogen ions present, the continuous opacity of the star
will be high, and the lines will appear weak.

The negative hydrogen ion can be ionized to a neutral hydrogen

atom, plus a free electron, by any photon having a wavelength less

than 16,450 R.
H +hy —> H+ e

In the hotter F-type and early G-type stars, this process takes
place. The opacity due to the negative hydrogen ion decreases, which
reveals itself as an increase in the line strengths. Also, the increased
excitatibn with temperature will strengthen the lines.

In the former group, in particular the B8 to A6 stars, the varjation
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of W(7774) with temperature can be explained in simple terms as an energy
level population effect. The population of the lower, 3555 level is an
inverse function of temperature. An elevation of temperature results

in a greater electron pressure, which, in turn, creates an increase in
the continuous opacity of H . As the temperatures of the stars decrease
progressively through spectral type, the lower level populations
increase, giving rise to stronger values of W(7774).

Consequently, due to the existence of these different temperature
effects, it is best to separate A-type stars from F and G-types when
correlating between absolute magnitude or luminosity and A777h line
strengths.

Rae and Mallik (1978).have discovered that the strength of the Fel
line at A\7748 is also a function of stellar temperature. The line
first appears in F5 stars and gets stronger in later types. Since W{(7748)

incﬁgases with decreasing temperature, the product

E = W(7748) x W(7774) 6.3
should be sensitive only to luminosity in late-type stars. A relationship
between E and the absolute visual magnitude, Mv, was deduced by Rao
and Mallik for these stars, and can be expressed as

”v = -10.98 x E - 1.79 6.4

with an accuracy of'MV to be + 0.5 magnitudes.
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6.3 A777h as an indicator of absolute magnitude

Many authors have discovered the relationship between the strength
of A\7774 and the absolute magnitudes of stars, among them KH, Osmer
(1972a) and Sorvari(1973, 1974). The determination of the absolute
magnitudes of stérs in nearby galaxies is of great importance to
astronomers, as it allows these stars to be used as distance indicators.

The maximum luminosity of stars in our galaxy is believed to be
approximately 106 times that of our own sun. This value corresponds to
an absolute magnitude of about -9. |f stellar characteristics are
identical (or nearly identical) throughout this region of space, then one
would expéct this to be an upper limit on the luminosity of stars in other
galaxies as well.

Among the most luminous stars known are the F-type supergiants. AFof
these stars, Osmer (1972a) has determined a close ]ineqr relationship
Letween the equivalent width of A7774 and absolute visual magnitude;

in the magnitude range of -9 to -h. This relationship can be expressed

by the equation

M, = -2.62 x W(7774)o - 2.55 6.5

where W(7774), is the total equivalent width of all three components of
A7774, measured in &. Between the limits stated, Osmer's results do not
depart from equation 6.5 by more than + 0.5 magnitudes. Baker (1974)

has also derived a relationship for F-type supergiants, given by

M, = 2,711 x W(7774) 5 -2.472 6.6
(+0.228) (+0.379).

which agrees well with Osmer, within the errors given.
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For supergiants, Sorvari (1974) has also deduced a relationship

between M and r(0l), namely,
M, = -36.61 x r{01) + 46.46 | 6.7
This can be combined with equation 6.1, using the data of KH, to yield
My, = =2.713 x W(777Q)KH - 1.279 6.8

which, as stated before, is only believed reliable for equivalent widths
of up to 1.2 R. However, using Osmer's data and combining equations 6.2

and 6.7, one gets
= - ! - 6 -
M, 3.h2 x W(7774) - 0.96 | 6.9

Once the absolute magnitude of a star is known, it's distance can
be determined by measuring the apparent visual magnitude,mv, and applying

the formula

mv - Mv =5 log]0 d -5

where d is the distance in parsecs.

Figure 6.2 shows a plot of equations 6.5, 6.6, 6.8, and 6.9, in
the-magnifude range of -2<Mv< -9. Agreement between all four sets of
results is reasonably good. Sorvari's equation using Osmér's data exceeds
Osmer's + 0.5 magnitude error bar for stars fainter than about MV = -6,
The equation Sorvari uses with the data of KH has a similar slope to both

Osmer's and Baker's results, but lies approximately 1.5 magﬁitudes brighter.
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The actual values taken for Mv could contribute to these observed
differences, along with variations in equivalent width determinations.
resulting from different instruments and observers (Griffin, 1969).
Comparisons to the results obtained in this work are given in section

6.6 of this chapter.

6.4 )A\7774 as an indicator of luminosity

The A7774 0l feature is also a reliable criterion for the assignation
of luminosity classes. For stars in the spectral range of B5 to G2,
many authors have shown that the strength of A\7774 can be used to separate
supergiants from other stars. Osmer (1972b) also found that plotting
W(7774) against spectral type distinguishes between luminosity classes
within the -4 to -9 magnitude range for spectral types A0 to G2 (see
Figure 6.3). Class la stars are eésily distinguished from the rest,.having
stronger \7774 lines throughout the spectral range. Class |b stars are
iﬁtermediate, with line strengths. decreasing with decreasing temperature.
Classes Il to V all tend to lie on the lower section of the graph, with
W(7774) staying below 1R for all spectral types in this range. The last
two groups tend to blend together after spectral type F5, with the la
stars remaining higher throughout.

The easy separation of supergiants from other stars is not entirely
surprising. Supergiants form a relatively homogenous group of stars
with reference to their age and composition. Since the stronger spectral lines
lie on either the flat or the square root regions of the curve of growth,
abundance differences will not seriously affect the line strengths. The
Ol lines are strong because of the low surface grayity of supergiants.
However, no explanation has yet been found as to why there is such a

large difference in the W(7774) values between la and |b stars. Note
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that in stars later than F5, W(7774) is also a strong function of
temperature (see section 6.2 of this chapter). This temperature
dependence must therefore be taken into consideration when determining
the luminosities of late-type stars from the strength of W(7774) .
Sorvari's index, r(0l), can also be used as a supergiant discriminant

(Sorvari, 1974). In B8 to G3 stars, a plot of r(0l) against spectral
type effectively separate§ luminosity classes la and |b from classés
It to V (see Figure 6.4), and from each other after type A6. In the
A-type stars, r(01) is a strong function of temperature - note the
relativély uniform increase of r(0l) with spectral type on the left hand
side of the diagram. In supergiants of this spectral type, r(0l)
seems to be unaffected by either microturbulance (W(7774) increases
with microturbulance) or absolute magnitude, and therefore cannot
differentfate between la and tb‘luminosity classes.

~ In the A7 to G3 spectral range, r(0l) decreases with spectral type
(as "the stars become cooler), thereby allowiﬁg r(0l1) to strongly indicate
the absolute magnitude. However, the {a stars are still seen to exhibit
much higher values of r(01) than the Ib to V classes (shown on the
rfght hand side of Figure 6.4), with few normal stars in between.

The relationship between W(7774) and luminosity is explained by

Thomas, et al. (1979). Réferring to the Grotrian diagram in Figure 6.5,
the lowef level of the 7774 transition is the 3555 level, and the

upper is 3p°

P. The lower level is metastable, and only has a significant
lifetime in the relative absence of collisional de-excitation. This
condition exists in large diameter stars. of low surface gravity, having

low density atmospheres and, therefore,high luminosities (eg. supergiants).

A decrease in the strength of W(7774) will therefore result as the

luminosities of the stars decrease.
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6.5 Apparent oxygen over-abundance

Several authors have observed an unusually deep absorption of thé
N7774 line (eg. Houziaux, 1969), implying an over-abundance of oxygen.
However, this can bé explained as resulting from a departure from local
thermodynamic equilibrium (LTE). In the situation where LTE exists,
any oxygen abundance will only have a weak effect on W(7774) because
of the strong temperature dependence. A decrease in the oxygen abundance
would result in the liné becoming weaker._ The line is therefore being
formed in the deeper layers of the star where the temperature is highér.
But if the temperature where the line is formed is higher, then the
lower level population is increased, and the line is strengthened.

Non-LTE effects can give rise to the over-population of the
metastable 3553 level. This occurs in the outer layers of the stellar
atmospheres where the density is low (Johnson, et al, 1974)., and there
isa lack of collisional de-excitation. Non-LTE effects are enhanced
where the surface gravity is low (Eriksson and Toft, 1979), thereby
allowing fewer collisions which increases non-LTE. Fewer collisions
mean a smaller electron pressure, and, in cooler stars, less H. Thus,
the continuous opacity is decreased which seems to strengthen the lines.
The effect is especially conspicuous in the extended atmospheres of
supergiants, where thg low density results in high luminosities.

.ln the LTE regime, the depth of the line core cannot go below a
certain level. This level is defined by the surface temperature, with
the star behaving as a blackbody radiator (Gray, 1976). The core of
the line is formed in the outer layers of the star, and the wings
formed in the deeper layers. Looking deeper into the star, where LTE
dominatés, serves to raise the line core above the minimum level. When

non-LTE effects are in evidence, the entire line is formed in the outer,
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low density, layers of the star. Thus, the core is formed further out
and the line minimum, set by the Planck function for LTE, Is disregarded.
Al though the wings of the spectral lines are not noticeably

affected by non-LTE effects, the deepening of the line cores can éause
the equivalent widths to be increased by a factor of two to three. In
addition, microturbulent effects serve to raise the flat part of the
curve of growth. The lines of the F-type supergiants lie on this part
of the curve of growth, so microturbulence would give the appearance
of an increase in the equivalent widths of these stars. However, in
the mid-B to early A-type supergiants, the Ol lines lie on the square
root portion of the curve of growth, and are therefore insensitive to

microturbulence.

6.6 Description of results

The results of the observations of the 0l triplet at \777k4 obtained
with the Plessey linear diode array are shown in Table 6.1 and the
reduced spectra are illustrated in Figure 6.6. Only six stars were
found to have spectra from which any astronomical inferences could
be drawn. The remaining stars observed at \7774 had features which
were almost completely washed out due to thermally induced geometrical
instabilities in the cold finger of the cryostat over very long integration
times (2 60 minutes) (see Chapter 5). Of the six stars analyzed,
only the data from vPer consisted of a single exposure. The remainder
individually consisted of results averaged over three spectra, each
of the three exposures being slightly shifted along the array of detector
elements. As described in Chapter 5, this technique serves to reduce
responsivity variations and improve on thé Nyquist rate of sampling.

The first column of Table 6.1 lists the names of the stars, with



Table 6.1

Equivalent widths (in A) of observed stars compared with other measurements

Name W(7774) W(7774) W(7774) o | W(7748) | sp
meas i | o B RM
« Cyg 2.27 2.19| »2 | - - 2.18 ~0 A21a
€ Aur 1.94 2.34 | 2.51 | - - 1.85 ~0 A8la
« Per 1.26 1.150.95 |1.05 | 1.16 1.14 0.18 F51b
¥ Cyg 1.37 1.16 [1.18 [1.15 | - 1.26 0.24 F81b
¢ Aqr 0.60 0.54 | - - - 0.47 0.32 GOlb
v Per 0.70 - - - - 0.58 0.10 F5!1
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the number of exposures in column two. Colﬁmn three shows the equivalent
width of the \7774 triplet, measured by the triangle-trapezoid method -
described in Chapter 5. Columns four to seven indicate, for comparison,
the values of W(7774) obtained by KH, Osmer, Baker, and Rao and Héllik,
respectively. Column eight shows the calculated quivalent width of
A7774 for a continuum level 3% lower than that in column three. Column
nine lists the measured equivalent width of the Fel line of )\7748,

and column ten the spectral type.

Inspection of columns three to seven shows that the results calculated
are, with one exception, consistantly higher than the previously published
results of the other authors. According to Osmer (1972a), variations
in equivalent widths measured using different spectrometers can be as
high as 20%. In some cases, a factor of three discrepancy in the
equivalent widths can be found (Minnaert, 1934). These differences
can.be attributed to scattered light, resolving power, continuum fitting
etc. With the exception of the result for «Per obtained by Osmer, all
of the comparison values are within 18% higher than those measured. For
the determination of equivalent widths, the continuum was drawn at a
height such that it best intersected the local high points of the
spectrum near the 0l triplet (Luck, 1977). Since the equivalent widths
were calculated from averaged sets of data'(except for vPer), and
the continuum was only being fit to a waveband of about ISK, this method
was considered sﬁfficiently accurate. However, an important factor
in the determination of equivalent widths is, obviously, the level at
which the continuum is drawn on the data to be analyzed. This dependence
is reflected by the fact that a continuum level drawn 3% lower in the
data collected alters the variations from the published values significantly.
Again, except for Osmer's result on «<Per, the measured values now lie

mainly within 9% of the published values.
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The spectra of €Aur were recorded at a time when considerable
drift was being experienced by the detector system. As the presence °
of drift serves only to impart a DC-type level to the output, the
resul tant effect is a reduction in the calculated equivalent widtﬁs.

This could explain why the data from €Aur alone gave a lower value of
W(7774) compared with the other, published results.

Table 6.2 shows the calculated values of absolute visual magnitude
using the equivalent widths measured and the equations illustrated in
Figure 6.2. Columns one and two give the star and the measured value of
‘the A\7774 equivalent width. Columns three to six indicate the calculated
MV values from the measured data and the equations of Osmer (3), Baker (4),
Sorvari/KH (5), and Sorvari/Osmer (6). Column seven lists the values of’
absolute magnitudes from the references stated.

Table 6.3 is presented in an identical fashion to Table 6.2, but
herp:-the measured W(7774) values are those calculated with a continuum
‘level 3% lower than above. Figure 6.7 shows the relationship Between
the published absolute magnitudes of the stars and the measured W(7774)
values, with a least squares line fitted to the data. Also shown is the
relationship with the 3% lower continuum level. Putting the measured
values of W(7774) back into each of the respective equations fof the
lines drawn through the data yields absolute magnitudes shown in column
eight of Tables 6.2 and 6.3. The similarity of these columns indicates
that the lowering of the continuum does not have that strong an effect
after all on the determination of absolute magnitude. Therefore, for

the stars investigated, a good fit to the data is given by

Mv = 2.58 x W(7774) - 1.81 6.10



Table 6.2

Calculated values of Mv from measured values of W(7774)
M
Name W(7774) v My My
meas 0 B S/KH S/0 (ref) (calc)
« Cyg 2.27 8.5 | -8.6 | -7.4 | -8.7 -7.5 a -7.5
€ Aur 1.94 -7.6 -7.7 -6.5 -7.6 -7.0 b -6.7
-L.5.a,c
= Per 1.26 -5.9 -5.9 4.7 -5.3 -4 6 d,e -4.9
-5.3 f
- - - - -5.6 f -
¥ Cyg 1.37 6.1 6.2 | -5.0 | -5.6 | pro 0 5.2
PAqr 0.60 -4.1 -4, -2.9 -3.0 -4 .5 h,i,j ~-3.2
v Per 0.70 il | -hn |32 | -3 2.2 g -3.4
a: Abt (1957) e: Rao & Mallik (1978) h: Kraft et al (1964)
b: Hack & Selvelli (1979) f: Baker (1974) i: Allen (1973)
c: Sorvari (1974) g: Allen (1976) j: Engold & Rygh (1978)
d: Osmer (1972a) .

" Table 6.3

As above but with 3% lower continuum level

Name W(77r7nzza My M, M,
s 0 B S /KH $/0 (ref) (calc)
« Cyg 2.18 8.3 | -8.4 | -7.2 | -8.4| -7.5 -7.5
€ Aur 1.85 -7.4 7.5 | -6.3 | -7.3 -7.0 -6.7
- .5
o Per 1.14 -5.5 -5.6 -4, 4 k.9 -4.6 -4.9
-5.3
) -5.6
¥ Cyg 1.26 -5.9 -5.9 -4.7 -5.3 g -5.2
g AQr 0.47 -3.8 -3.7 -2.6 -2.6 -4.5 -3.2
v Per 0.58 -4 -4.0 -2.9 2.9 | -2.2 -3.5




FIG. 6.7. RELATIONSHIP BETWEEN M, VALUES AND MEASURED
EQUIVALENT WIDTHS OF A7774
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This equation can now be compared to the equations illustrated in Figure
6.2. Figure 6.8 shows that the deviation of equation 6.10 from any other
equation is, at most, | magnitude. The gradient is almost identical
to all of the equations, with the exception of Sorvari/Osmer. As these
equations are only meant to represent a relationship for F-type super-
giants, the larger deviations from the line in Figure 6.7 for the two
lower equivalent width value stars, namely g Aqu (G-type) and v Per (Bright
giant), are not surprising.

The A 7748 (Fel) line was found to be unresolvably blended with a
Nil ]ine (RMT 156), but inspection of the data in Table 6.1 does show
that an inverse relationship with temperature does exist. Values of
the product E from equation 6.3 were calculated and plotted against MV

for the four stars later than F5 (see Figure 6.9). A least squareé fit

yields the equation.
M, = -7.79 x E -2.70 6.11

The dashed line on the graph shows the relationship determined by Rao
and Mallik (1978). Equation 6.11 agrees fairly well with equation 6.4,
with a maximum M, difference of less than 1 magnitude, considering the
uncertainty of W(7748) and the scarcity of data points.

Figure 6.10 shows the six observed stars entered on the graph of
Figure 6.3. The graph indicates how W(7774) differentiates between stars
with respect to both temperature and luminosity. All of the stars lie
in their respective regions, except for g Aur, being too low. The drift
experienced during these runs would account for this discrepancy.

Further investigations to determine the vélidity of the results
obtained from the diode array were carried out on data collected after the

period described in this work. Spectra from nine other stars were collected
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in the region around A7774 and were combined with the results from the six
stars listed here. The investigation was a collaboration between this
author and Dr. G.R. Hopkinson (formerly of Durham University), and was
published as a paper. A pre-print of this paper is included in

Appendix B..
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CHAPTER 'SEVEN

" 'MASS LOSS

7.1 Introduction

The loss of material from stars i{s no surprising phenomenon to
astrophysicists. The cataclysmic ejection of matter can give rise to
novae, supernovae, or planetary nebulae (ie dense, gaseous structures
surrounding hot, low luminosity stars). In addition, mass loss can take
place in most normal stars during much of their lifetimes, though the
circumstances might not be so explosive. According to Reimers (1977),
all red giants eject mass. Even our own sun continuously sheds its mass

in the solar wind, but this amounts to only IO_IA

solar masses per year,
which is negligible compared with nuclear fuel burning. Late-type giants
and<sﬁpérgiants are believed to be responsible for approximately one-
fifth of the return of matter to the interstellar medium through stellar
mass loss .(Hagen, 1978). |n our own galaxy, Reimers (1975) estimates

that rad giant mass loss supplies one-half-of the gas used for new star

formation. So significant amounts of mass loss are expected in the evolution

of stars.

7.2 Eyolutionary Theory of Mass Loss

The theory of evolution of red giants and supergiants requires the
loss of significant amounts of étel]ar mass to occur. For a star with a
mass of less than 1.4 solar masses, once it has exhausted its supply of
nuclear fuel, it evolyes into a white dwarf. White dwarfs are stars
composed of degenerate matter, where the atomic nuclei exist compacted,
stripped of their electrons. The density of such matter ranges from 107

10 3

to 10~ kg.m -, resulting in stellar dimensions approximating those of

the earth..

Stars with masses greater than the white dwarf (or Chandrasekhar)
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limit will undergo collapse after nuclear fuel depletion, and will result

in supernova catastrophes. Tﬁe obsérved rate of supérnova explosions

in the entire galaxy is only about one in every century (Shklovskii, 1978).
Howevér, thé "death!" rate of stars with masses greater than 1.4 solar

masses is considerably higher. Deutsch (1969) estimates that a star ''death"
shoﬁld occﬁr once every three years. Therefore, there must be one or more
mechanisms by which these more massive stars can shed sufficient matter to
fall below the mass limit for supernova eruptions. Recent theories propose
that this mass is lost predominantly by one of two methods - either from
radiation pressure, or via a stellar wind driven by the dissipation of

acoustic wave energy.

7.3 Mass Loss Mechanisms

Matter is lost from the surfaces of stars via one of two main methods,
namély by radiation pressure or by stellar wind.

Radiation pressure acts on the stellar dust grains. |t cannot
fﬁmction in metal-deficient stars due to the scarcity of elements which are
able to condense into grains (Fusi-Pecci & Renzini, 1975). At temperatures
at or below 1000K, dust grains are formed in the relatively cool stellar
photospherés. Radiation pressure causes the condensing dust to be accelerated
through the stellar gas, transferring its momentum to the gas by collisions.
The gas is, in turn, accelerated to supersonic velocities (Gehrz & Woolf (1971)
estimate the dust to gas mass ratio as being around 500), forming a
circumstellar envelope. The gas velocities can be determined from the
circumstellar line velocities;

Mass loss by radiation pressure appears to be the dominant mechanism
in hotter stars. Giants of spectral type M3 and earlier have no dust
shells (Goldberg, 1979), yét they give optical evidence for the loss of
matter. Therefore, this cannot be the oﬁly method of shédding stellar

materiagl.
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In cooler stars(eg. red giants), stellar wind generated by acoustic
flux is the dominant mechanism.of mass loss. Turbulance in cool rotating
stars causes matter to be ejected in the forward direction of rotation,
resulting in a rapid loss of angular momentum. [f the turbulent elements
have root mean squared velocities of the order of one-third of the stellar
escapé velocity, and have dimensions of only a few per cent of the stellar
radiﬁs, then a cool silicate disk will form around the equatorial region
of the star, and rotational braking will occur (Kafatos & Michalitsianos,
1979). Once grains and silicates are formed around the star from these
shock driven stellar winds, this circumstellar material can then be
éxpandéd further by radiation pressure. (Due to the dust to gas coupling,
radiation préssure is a highly effective accelerating mechanism in late-
type stars as well as the hotter, early-type stars, but it is more likely

to increase the rate of expansion than initiate it (Goldberg, 1979)).

7.4 ‘Hass Loss Detection

~ “The first proposals for the loss of mass from red giants were put
forward by Deutsch (1956). The presence of blue-shifted absorption cores
observed in stellar spectra supports the theory that a cool expanding
envélope surrounds these stars, transferring mass to the interstellar
medium. These circumstellar (CS) envelopes constitute the material from
which new stars are to be created. Mass loss in red giants and supergiants
shoﬁld be observed via the CS envelope. Hagen (1978) observes*an infrared
excess in late-type stars, due to thermal radiation from CS envelope dust
giants.

Weymann (1962) also found metal lines in M-type stars with deep,

blue-shifted absorption cofes, or eyen emission éomponents, indicating
some forﬁ of mass loss. Evidence exists (Rosendhal, 1973) that allof the most
luminous OB stars exhibit mass flows and outwardly accelerating envelopes.

Many stars ( including cool giants and supergiants) undergoing mass
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loss exhibit spectra with P Cygni profiles. In its simplest form, a P Cygni
profilé is an absorption lfne with-a éharp blue side and a wiﬁgéd red side
(seé section 7.4.1). It may also consist of double or triple absorption
lines, due to line formation in different shells oérgtellar atmosphere.,
This characteristic indicates (de Groot, 1969) an extensive expanding
atmosphére with a uniformly decreasing density (ie. invefse]y proportional
to rz).

All cool stars experiencing mass loss exhibit strong Fraunhofer lines
(with éxcitation potentials of less than ley) having blue shifted components.
Also, it is possible that if a star consists of hot, rising and cool,

descending elements, then there should be higher velocities observed for

lines of small excitation potential (Goldberg, 1979).

© 7:4.1 P Cygni line profiles

There are many different types of P Cygni (P Cyg) profiles (Beals,
1950), and to descfibe each one, a highly complicated explanation would be
réqgjréd. One of the basic P Cyg profiles can be described in more or less
simple terms.

If the stellar atmosphere is extensive and expanding, then there is
a redward emission component which (unlike the absorption component) is
foﬁnd to originate high in the atmosphere. The envelope must be large
wi th respect to the photosphere to yield a significant amount of scaﬁtered
light. 1fV équals the expansion velocity of the atmosphere, then the
émission component exhibits all yelocities in the range of'-V to +V, while
absorption shows only -V. Howeyer, electron scattering (fe the increase
in thé continuum opacity) reduces the red wing from the receding side of
the envélope, and increases the absorption component. Also, the central
disk atténuates the redward component somewhat. These combined effects
yiéld a line profile with a blue shifted absorption core, having a'sharp

blue side and a winged red side, with a possible redward emission visible.
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7.4.2 H-alpha feature

The Balmér line of Hu’ whén in emission with a P Cyg profile, is a
very strong indicator of mass loss (Underhill,.1960). The lower limits of
absolute visual magnitude where Wx begins to indicate emission is Mvrv - 5.8
for BO to Bl stars, and Mvrv - 6.8 for B8 to A3 stars (Rosendhal, 1973). As
expected, the location of the emission formation is in the outermost parts
of thé expanding sfellar chromosphere. In K-type supergiants, this
circumstellar originating component is superposed on an absorption core,
shifted by -50 to -80 km.s_], or about 1 to 2A (Kraft, et al, 1964). No
circumstellar absofption lines are found in any K or G supergiants, except

possibly Cal intercombination lines at A6572 (Reimers, 1977).

7.5 Circumstellar Features

Observation of circumstellar (CS) features }n the near-infrared
and infrared regions of the spectrum can give evidence for the loss of
métter from the surfaces of stars. All stars later than F5 are believéd
to-have chromospheres, coronae, and stellar winds, and therefore must
expériéncé some sort of mass loss (Deutsch, 1969). Most G-type and K-type
sﬁpergiants and all giants and supergiants later than MO exhibit strong
metal lines of low excitation with blue displaced absorption cores
(Reimers, 1975, 1977). This core displacement has been measured to be
around 10 km.s—] (Hagen, 1978), and is direct observational evidence for a
CS envelope.

This blue displacement of the absorption cores is most strongly
observéd in supergiants, but véry high Iuhinosity {s not necessarily a
requirement. Stars with this characteristic are all mass ejectors, having:
cool expanding CS envelopes (Boesgaard & Hagen, 1979), which can reach
out to as far as several hundred stellar radii. The CS line strengths
ténd to iﬁcrease with later spectral types and with increasing luminosity.

Early measurements of the CS envelope velocities ranged from 5 to 25 km.s_]
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(Reimers, 1969). This is less than the photospheric escape velocity of
around 100 km.s_}, but at the heights to which the envelopes extend, the
escapé velocity Is éxcéedéd. The expansion velocity is directly determined
from measurements of the core displacement.
The strongest CS lines are the Call H and K lines at A 3968 (H) and

A 3934 (K). The CS component of the Call is a sharp, deep, blue-shifted
absorption core (kh) superposed on the chromospheric emission core (kz).
The chromospheric absorption component is k3 (Goldberg, 1979). Other

lines of interést are the Na D lines (AA5890, 5896), cal (A4227), Srll
(AL077), and Hmfk6563), all of which can be readily observed in supergiants

(Reimers, 1975).

7.5.1 Supergiants

Among the largest and most luminous stars known are the supergiants.
They are young, rapidly evolving stars located high up on the Hertsprung-
Rﬁssél] diagram. Mose are light variables and radial velocity variables,
with éxténded atmospheres exhibiting high turbulance, and thus have
brgadenéd spectral features. Although they are massive stars, they maintain
high luminosity-to-mass ratios. ance the group of supergiant stars
includés some of the brightest stars lknown (with absolute magnitudes of up
to vaV'-9), they can very effectively be used as distance indicators.

Late-type supergiants have low densities and low surface gravities.
According to Deutsch (1956), eacH is surrounded by an envelope of escaping
material which can extend out to a radius of 1.5 x 10" km (compare the

9

maximum distance between Pluto and the Sun of only 7.3 x 107 km). They
thérefore exhibit circumstellar lines with blue displaced absorption cores.
Largé scale shock wayes in the cool extended atmospheres can cause matter
to be lost to the interstellar medium. Mass may also be sporadically

ejected by the acceleration of material from turbulence in the atmosphere.

In fact, Reimers (1975) stateé that all M-type giants and supergiants
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continuously eject matter into the interstellar medium. Deutsch (1956)
claims that phétospheric (réverstngAlayer) lines in all M-type supergiants
aré broadéned "as thﬁgh by turbﬁlance“ and Herbig & Spaulding (1955) found
that luminous supergiants up to F8 have broad lines. However, Kafatos &
Michalitsianos (1979) deduce that late-type supergiants (and giants)

are slow rotators because the lines are sharp. Clearly, this area bears

some investigation.

7.6 Mass Loss Rates

Thé densities and dimensions of stellar dust shells can be deduced
from CS emission line profiles. Mass flow rates must be determined from
the région in which grains are found and accelerated (Gehrz & Woolf, 1971).
Infrared observations refer to the region just outside this, where the
déﬁsity of the dust is high, and therefore give better information on mass
flow ratéé than on the mechanisms in operation.

The rates of loss of material from stars has been calculated in
many s fferent ways by different investigators. Goldberg (1979) finds that

the mass loss rate, M, is proportional to the stellar surface area, such
that

Mo=2.6x 1012 . g2 Mo e

and is not necessarily proportional to the absolute magnitude. Mullen (1978)

had determined a relationship of

=

Mo M.R
which'aérees well with Goldberg for a constant of proportionality of 1.6 x

10_9. Fusi-Pecci & Renzini (]975) have developed a formula for masé loss,
such that
Lac

-1

=), (-AR/G.M) lacT - U7 g Rl Mg yr

O]
where 11: efficiency factor

Lbc: total acoustic energy generated in the convective region.
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For particular types of stars, mass loss rates have also been

calculated. For example, Reimers (1975) shows that in red giants

.« L . -1.6
M x /g.R or, MX g

where the empirical formula is

> _ -13 L
M=k x 10 | /g.R) M@ .yr

For late-type supergiants, Deutsch (1956) gives a particular value of

rate of mass loss of

8 |

M 3x10° M_.yr
o Y
and for K-type supergiants, Reimers (1977) has
. -7 -1
~ 10 M .
M o yr
both of which agree with the results of Goldberg.

In the genral case, Goldberg, Bernat (1977), Weymann (1962), and
Hagén (1978) all use the formula
r.1': b r2 . \?(r) . V(r)

and if V(r) is a constant, then

f(r) o ]/rz
yielding
h:““'(F%R'NH'Ri'V
where ¥V = expansion yelocity
Ri = inner shell radius
NH = density of hydrogen atoms in the shell

(F‘mH)

mass per hydrogen atom

This formula then relates the rate of mass loss to the inner CS shell

radius, ie.

M« (column density) . (inner radius) . (expansion velocity)

or
5101 Ri

and herein lies the chief uncertainty, the determination of the inner shell
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radius. Gehrz & Woolf follow the same fundamental formula, with the density
and vélocity pertainiﬁg>to'the gas, le. .
2

M = hwR '~Pg . Vg

Finally, de Loore (1977 quotes the values of mass loss rates for

particﬁlar stellar types. These values are listed in Table 7.1.

7.7 0Qbservations

During the entire observation program, many stars were observed in
the'H‘x region of the spectrum. Since emission of WX is a criterion for
stellar mass loss, this is the feature that was searched for.

Inspection of the collected stellar spectra indicated that most of
the stars observed exhibited normal absorption lines. Only ore star
was found to strongly indicate the loss of matter from its surface. The
F-type supergiant 89 Herculis (89 Her) shows a definite emission feature
66 thé redward side of the H“ line (see Figure 7.1). Also, there may be

some information in the structure of the deepest part of the absorption

£

comﬁﬁﬁént.
In order to make any measurements on emission features, it lIs
important to closely observe the profile of the line under investigation.
[déally, several stellar spectra are collected over the same approximate
spéctra] region, with each one s}ighgly shifted with respect to all of the
othérs. This ensures that the feature or features of interest fall on
différent areas of the diode array. The collected sbectra are then
intérpolated and éuperposed. With the data shifted to align the spectral
féatures, the spectra are then ayeraged. In thfs way, errors in measurement
dué to sensitivity variations are minimized, and the line profiles can
be more closely scrutinized. Howeyer, due to unfortunate ciréumstances, only
one spéctrﬁm of 89 Her at Wx was collected. Thié meant that precise
méasﬁremént ofAthe line profile coyld not be carried out. The errors incurred

are believed to.be due to diode sensitiyity variations "across the array,



Table 7.1

Rates of loss of mass for particular stellar types

Type M -1
(Mg yr )
B, A Supergiants 10_9 - ION8
A2 la 3.0 x 10710
A5 9.6 x 107"
FO 4.8 x 107'3
F2 la 1078
F8 Supergiants 107°
GO 8.4 x 1071°
G2 2.2 x 107"
G5 - by x 10712
MOT 11 2.5 x 1072
Red Superglants IO_S
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and to residual second-order effects from the odd-even splitting correction
of the spectrum (see section 4.3.5). However, some indication of the order
of magnitude of mass loss from 89 Her can be gained from the displacement
of the absorption core of H_ from its rest position. The rest position
can be determined by reference to the positions of nearby normal photo-
spheric lines.

Figure 7.2 shows an enlarged portion of the speétrum depicted in
Figure 7.1. The data points were interpolated eight-fold prior to
magnification to avoid end effects. Also shown is the locus of the midpoints
of the core of the line near to the line minimum. These points are used
to indicate the measured position of the q{ absorption core. The calcu-
lated rest position of H_ (at 6563 A) is also displayed on this spectrum.

The position of the absorption component of ﬂx is measured as

being shifted 1.89 A from the rest position, towards the blue end of the
]

spectrum. This displacement is equivalent to a velocity of -86 km.s ',

with an error believed to be f7km.s-l. It is not known if the observed
asymmetry of the core of the line is real or due to undesirable imaging
effects. However, the stated velocity error is sufficient to take aﬁy

such unsure results into account.

This value of the velocity of the core of %x agrees well with the
value of Sargent and Osmer (1968) of —80km.s_], certainly within the
limits of error. This indicates that, following the calculation of
Sargent and Osmer, the rate of loss of material from the surface of 89 Her
-1

is indeed in the region of 10-8 Mg YT
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CHAPTER E{GHT

CONCLUSION

Solid state detectors are among the newest and most important type
of detector presently under development. Their response to light in the.
visible and especially the infrared regions of the spectrum render them
vastly superior to photographic plates and the like. Added to thefr more
sensitive longer wavelength response, the output signals obtained are
highly suited for almost immediate reduction and analysis by means of
either small, on-line or larger off-line computers.

In particular, the Plessey linear photodiode array has many advantages.
The on-chip electronics minimize noise and pick—ﬁp, being in close
proximity to the detector elements themselves. Also, four independent
arrays of 256 elements each are located in the same package in two
parallel lines. This geometry affords the ability to collect both a
stellar spectrum and a reference spectrum simﬁltaneously, or even a
stellar spectrum and a flat field spectrum, for responsiVity correctioﬁs.

EBut overwhelmingly, the main advantage of the Plessey array is that it
has a non-déstructive read-out facility. This is of enormous benefit,
éspécially when obserying fainter objects for long periods of time.

On the other hand, several disadvantages and problems were encountered
with tﬁe experimental set-up used. Firstly, movement of the array inside
the cryostat during an exposure is a very serious problem, considering
the size and high geometric stability of the individual array elements.

For exposures of more than one hour, array displacement can, and in some
instances did, take place, as discussed in Chapter Five. This displacement,
if much greater than the pitch of the array elements, will effectively
smear out any spectral features into obscurity. Laboratory measurements
indicated that this moyvement could amount to as much as three diode spacings

over a period of 90 minutes, clearly disastrous. At the time of finishing
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the experimental work described here, plans had been put forward and the
construction started to remedy this problem. A rigid mount for the
détéctor array was fabricated out of insulating material, and copper
braid was used to act as a flexible cold finger.

Secondly, the idea of on-chip electronics is a very good one.
Unfortunatély, the components themselves are light sensitive. |If the
light from the spectrometer (or any other source) does not fall precisely
onto thé array, but instead overspills onto the electronic circuitry,
then unusual effects occur in the collected spectrum. Chapter Four
described this problem, as well as an off-line computer software remedy.

In retrospect, several areas of research would be desirabie to
invéstigate with the Plessey diode array. The spectral response of the
array would prove useful, especially to search for any variations between
individual elements. Chapter Two did describe some spectral ‘investigations,
but thése were only carried out on a ''typical' element and at only two
témpératurés; A more comprehensive study of the spectral response as a
function of diode temperature could be important, since some kind of
baﬂancé néeds to be found between an increased infrared response, and higher
thermal noise and leakage drawbacks.

The actual change of diode response across and between the sensitive
areas of the elements bears investigation. Chapter Five dealt with the
theoretical case of a 20% dead space between adjacent array elements. |f
close obsérvations of line profiles and weak line observations are ever
hoped to be carried out, a better understanding of this effect needs to be
completed.

The occurance of odd-even splitting is another serious problem. Off-
line software compensation can remove this effect somewhat, but obyiously
not éntirely; as there was no way of knowing exactly where the overspilled
light was .doing the ''damage''. Maskfng of the non-diode area is one

solution; a cylindrical lens mounted over the array is another. Both of
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these methods were attempted, but without much success. A cylindrical
lens was manufactured and tried, but it could not be aligned parallel to
the array quite accurately enough. The problem with the mask was that it
could not be brought close enough to the silicon material, due to the
physical construction of the array package. On the whole, it seems that

a cylindrical iens would remedy the situation best, provided that it could
be attached to the outside of the array package with sufficient accuracy.

In order to reduce the likelihood of unsuitable results, which had
appeared to be satisfactory at the time of the observation, it would be
desirable to reduce the data before the end of the observation program.
Since this was the first test of the diode array on a telescope, many problems
with data reduction were not envisaged until the results were more closely
investigated. Hence, the development of the data reduction software only
took place well after the observing time. Although each of the spectra could
be observed almost immediately after a flat field compensation, the odd-even
"splitting effect could not be removed without more powerful computing
faci}ities. This can have the effect of an apparently good spectrum not
really being totally satisfactory. Aiso, if radial velocity measurements
are being carried out, it is essential that elemental arc calibration runs
are taken more frequently. Even if the diode array movement inside of the
cryostat is remedied, any mechanical displacement at the focus of the telescope
of even fractions of a millimetre could upset calculations. Therefore, if
accurate radial velocities are to be determined,‘a calibrétion eibosure
should be collected after every stellar exposure.

Finally, it was thought that on future observations, a more well
plannéd, precise astronomical program should be developed first. Admittedly,
the observation program described here was mainly a proving ground for the
Plessey diode array. However, as described in Chapter Six and Chapter Seven,

many more results are required for each region of astronomical interest
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observedf Perhaps only the oxygen triplet should have been investigated
and not masé loss at all, or vice versa. .But, as such, some results
were obtained and many difficulties were ironed out; not forgetting that
one of the biggest advantages of this system is the non-destructive
readout capability. So it appears that this device, with a few minor
refinements, can be quite a powerful tool in visible and near-infrared

astronomy.
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Summary. Partially resolved spectra of the infrared oxygen triplet in A—G
supergiants have been obtained with a new self-scanned photodiode array
system. Curve of growth analyses indicate that the lines are formed in non-
LTE. A line is identified at A 7777.9 which is strong in A supergiants and
which will complicate the analysis of low resolution spectra. At a resolution
of 0.45A [diode the CN lines which appear in G8 and later stars are blended
with the O1 triplet rendering its equivalent width unreliable as a luminosity
indicator.

i Introduction

The study of the neutral oxygen A 7773 triplet is interesting for several reasons. The com-
bined strength of the lines at AX7771.94, 7774.17 and 7775.39 has been established as a
measure of stellar Juminosity. The relationship was first noted by Keenan & Hynek (1950)
for BS—G?2 stars and has since been confirmed by several authors. The coverage of spectral
types has recently been extended to Bl by Thomas, Morton & Murdin (1979). A knowledge
of luminosity class or absolute magnitude of course allows stars to be used as distance
indicators.

The strength of the A 7773 feature is very temperature sensitive due to the high excita-
tion potential (9.15eV) of the metastable 3s°S lower level. The lines are particularly strong
in supergiants where the extended atmospheres allow low collisional de-excitation rates. In
this situation, however, the lines are likely to be formed in conditions of non-LTE (Johnson,
Milkey & Ramsey 1974; Eriksson & Toft 1979). In fact Baschek, Scholz & Sedlmayr (1977)
have suggested that the lines are formed in non-LTE even in main-sequence models; the
effect being always to increase the equivalent widths compared with the LTE case. Note that
for cool supergiants the lines can be enhanced, also in LTE models, because the continuous
opacity (due to H™) is lowered.

The O1 triplet may also be useful for the determination of oxygen abundance if the non-
LTE effects can be reliably estimated. In the later spectral types the [O1] magnetic dipole

* Present address: X-Ray Astronomy Group, University of Leicester, Leicester LE1 7RH.
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transitions at A\ 6300 and 6363 can be used (e.g. Lambert & Ries 1977); the only other
alternatives are [0 1] A 5577 and the A 8446 triplet, both of which are seriously blended
(with C, lines in the first case and Fe 1 lines in the latter).

Until recently the lack of suitable detectors has tended to restrict observations to the
measurement of equivalent widths. The recent availability of solid state arrays means that
the feature can be examined in more detail. With this in mind, a study of several intermediate-
type supergiants was made during the first observing runs with a silicon photodiode array
system built at Durham University.

2 The observations

The observing system was based on a prototype self-scanned photodiode array chip manu-
factured by the Plessey Co. Ltd in conjunction with the Royal Greenwich Observatory. Each
chip contains four linear arrays of 256 diodes which are paired to form two parallel lines of
512 elements. The pixel size is 200 x 40 um with a centre-tocentre spacing of 50 um. A
voltage sampling readout method was used followed by digitization to 12 bits. The device
has a non-destructive readout capability which allowed an exposure to be monitored. The
devices are not available commercially but, at present, a batch of 22 are on loan to the group
(four of which have all 1024 elements operational). Data acquisition was controlled via
CAMAC by a PDP 11/03 microcomputer and data stored on paper tape under the control of
a CATY 2 program. The system has since been upgraded to include a DEC RXO2 floppy
disc unit. Further details of device and system characteristics have been given elsewhere
(Campbell er al. 1979; Hedge et al. 1978).

The observations were carried out during 1978 August and 1980 January using the coudé
spectrograph of the 30-inch telescope at the Royal Greenwich Observatory. Spectra were
taken with a single line of 256 diodes at a reciprocal dispersion of 0.45 A/diode (~ 10 A
mm') to give a spectral range of 115 A. The detector was cooled to ~ — 110°C using a cold
finger dipped into liquid nitrogen. Micrometer adjustments provided horizontal, vertical and
rotational alignment of the cryostat and tungsten and neon lamps were used for flat field
and calibration. The projected slit width was 37 um at the detector (1 arcsec on the sky) and
to achieve sampling at the Nyquist rate or higher, two or more spectra were taken at slightly
differing grating angles.

With a 12-bit ADC the noise was, at that time, digitization limited. Recent laboratory
calibrations indicate that the step size was ~ 130 detected photons with a rather low quantum
efficiency of ~ 20 per cent (at 8000 A) and that the readout noise (with correlated double
sampling) can be as low as 40 electrons. It is likely that variations in the fixed pattern noise
(caused, for example, by drifts in the chip temperature) also produced some contribution
to the noise. As an example of the overall performance, a spectrum of an m, = 2.3 star could
be obtained with a SNR of ~ 100 in 15 min. Note that poor weather and seeing conditions
limited the observations to stars brighter than m, = 5.

3 Data analysis

Several stages of data manipulation were necessary after the spectra had been extracted from
the raw video levels. In some of the earlier runs misalignments resulted in a fall-off in signal
to one end of the array which was not removable on division by a flat field spectrum. This
was corrected by fitting clear regions of the continuum to a fifth-order polynomial.

Some problems were encountered in aligning the array. Odd—even effects were often pro-
duced since the switching transistors are sensitive to light and those associated with odd and
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Figure 1. A comparison of equivalent widths.

even diodes are situated on either side of a row. Fortunately, these extra signals were
removed satisfactorily in the data analysis. The magnitude of the correction was assumed to
be proportional to the true signal and, to a first approximation, the effect of a slight
misalignment was to produce a linear variation in the effect along the array.

Finally, when summing spectra taken at slightly different grating angles the data were
first interpolated to 2048 points by adding zeros to the Fourier transform. The grating shifts
could then be determined to 1/8 of a diode. The method of interleaved sampling is discussed
by Bracewell (1965) and, before adding, the spectra should be convolved with window func-
tions. In practice this was found to be unnecessary and a simple addition was performed.
Care was taken however to minimize Gibbs-effect errors using the techniques described in
Keating (1978) and Lanczos (1964).

To establish that the observing system could provide reliable equivalent widths, spectra of
¢ Peg around Ha were compared with the results of Harmer, Lawson & Stickland (1978) and
a spectrum of a Boo around A 5400 with the Arcturus atlas (Griffin 1968). The results are
shown in Fig. 1. For « Boo our results are on average 5 per cent too large and for € Peg 5 per
cent too small, although this is not a true comparative test because of the differences in reso-
lution and spectrograph characteristics. An upper limit of S5 per cent was placed on the
combined contributions to the continuum of scattered light and drift in the acquisition
electronics from observations of the residual signal in saturated lines of the atmospheric A
band. This is an upper bound since the lines were not fully resolved.

4 Results

The spectra of the programme stars are shown in Fig. 2. The baselines and estimate of the
continuum positions are also marked. An underexposed spectrum of a Lep is also included.
The oxygen triplet can be seen partially resolved in all except the late-type stars. In o Cyg
and n Leo there is a strong component to the blend at A 7777.9; this is present to a lesser
extent in the other supergiants and is tentatively assigned to a predicted line of Sir1 (as
discussed later). Gaussian fits were made to this, the oxygen triplet and the nearby Fei
line at A 7780.56 using a least squares technique. The equivalent widths of these and the
Fe1/Ni1 X\ 7748 blend are given in Table 1. The errors are estimated to be ~ 10 per cent and
are mainly due to random errors in the data and to inaccuracies in the placement of the
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Figure 2. Photodiode array spectra in the region of A 7770.

continuum level. W{(O 1) indicates the total equivalent width of the triplet and this is com-
pared with previous studies in Table 2. According to Sorvari (1974) his results are not reliable
for W> 1.2 and these are not included; nor are Parsons’ (1964) since these only give a
central depth. Other measurements of the triplet have been made by Sargent & Searle (1962)
and Slettebak (1951) on Ap stars and Albers (1969) on southern Milky Way stars.
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Table 1. Equivalent widths (in A).

Number of o1 01 124

Star Type Observations W(OI) W(7772) W(7774) W(7775) W(7777.9) W(7748) W(7780.6)
aCyg A2la 3 1.9 0.75 0.59 0.57 0.74 0 0.31
eAur A8la 4 2. 0.98 0.84 0.58 0.19 0 0.07
nleo AQIb 2 2.0 0.76 0.42 .87 0.82 0 0.93
alep FOIb 1 1.2 0.40 0.39 .39 - - -
aPer F51Ib 3 1.56 0.54 0.49 0.54 0.19 0.18 0.32
YCyg F8Ib 3 1.57 0.66 0.48 0.44 0.22 0.24 0.30
BAqY GOIb 3 0.64 0.31 0.22 0.11 0.09 .32 0.19
wPer GOIb 2 0.66 0.32 0.22 0.11 0.12 0.44 0.34
aAqr G2Tb 1 .41 0.17 0.11 0.13 0.03 0.27 0.28
eGem GBIb 2 ~0.3 - - - ~0 0.6C 0.30
vPer F5II 1 0.79 0.28 0.24 0.27 0.09 0.10 0.17
vAur K311 2 - - - - ~0 0.45 0.21
YAnd K311 2 - - - - 0 0.58 0.21
¥YUMa KIIIY 2 - - - - 0 0.33 0.22

Table 2. A comparison with other measurements of W (O 1).

Star Present work a b c d

(+102)

aCyg 1.9 2.19 - - -

eAur 2.4 2.% 2.5140,05 - -

nLeo 2.0 1.84 - - -

alep 1.2 0.96 1.740.25 1.1720.06 -

aPer 1.56 1.15 0.95+0.04 1.05¢0.03 1.16

¥Cyg 1.57 1.16 1.18+0.03 1.1540.04 -

BAQr 0.64 0.54 - - -

aAqr 0.41 0.6 - - -

a: Keenan & Hynek (1950) c: Baker (1974)

b: Osmer (1972a) d: Rao & Mallik (1978)

The spectra of a Per and ¥ Cyg (Fig. 2) are cases where a large number of nearby blended
lines make the local continuum rather hard to define; this may explain the discrepancies
between our values of W (O 1) and previous results.

5 Discussion

5.1 THE BEHAVIOUR OF THE OXYGEN TRIPLET

A correct interpretation of the oxygen triplet in giants and supergiants demands an under-
standing of non-LTE effects (Eriksson & Toft 1979). In non-LTE the depth of a line is
increased substantially because the lack of collisions in the low density atmospheres allows
the lower level to become overpopulated. According to Baschek et al. (1977) the departure
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coefficients are increased by a factor of 4—10. The effects may extend even to main-sequence
stars but Sneden, Lambert & Whitaker (1979) have found none in dwarfs.

In layers close to the surface the source function will be less than the Planck function and
the cores of lines formed in this region will be deeper. There will also be curve of growth
effects as strong lines (for instance those in A and F supergiants) will be either on the square
root or flat parts of the curve of growth and for these the enhancement in equivalent width
will be less. The usual microturbulence effect will result in a raised flat part of the curve
of growth (and hence the equivalent widths will increase). Baschek et al. (1977) point out
that the detailed effect of non-LTE is difficult to assess since a large microturbulence results
in the cores being formed in deeper layers where thermalization by collisions is more impor-
tant; on the other hand, the reduced core depth produces a mean radiation field which is
more non-ocally determined. The radiative transition rates are also changed. There is some
indication from the data that the ratio of W(7772) to W (O 1) increases with spectral type, as
would be expected on moving from the flat to the linear region of the curve of growth.

If the equivalent widths of the oxygen triplet are entered (as ordinates) on to the correct
curve of growth for a star (i.e. one which takes into account non-LTE, microturbulence and
other effects) then the mantissas should give the ratio of the f values, i.e. 0431:0.301:0.184
(from Wiese, Smith & Glennon 1966). However, if the curve of growth has been estimated
from measurements of lines formed in LTE, then the derived f values will be wrong. For the
stars in this study the triplet equivalent widths lie on the linear or flat parts of the curve of
growth; these regions are raised and steepened in non-LTE since lines can grow deeper before
saturation occurs. This results in a larger spread of the equivalent widths.

One simple, though approximate, method of obtaining the LTE curve of growth is to
plot experimental widths against empirical strengths, log X, i.e. to perform a differential
analysis. This was done for the stars € Aur, a Per, v Cyg, « Aqr and f Aqr, using equivalent
width data from D. J. Stickland (private communication) for € Aur and « Per, Greenstein
(1948) for o Per and Osmer (1972b) for « Per, ¥ Cyg, a Aqr and § Aqr. Empirical strengths
were taken from Catchpole, Pagel & Powell (1971). It is admitted that there are several
sources of error in this kind of analysis — both in the data and due to the presence of such
effects as stratification of the stellar atmosphere. However, the present results indicate that
non-LTE effects are important in that the equivalent width ratios are less like 1:1:1 than
would otherwise be expected.

52 THE BEHAVIOUR OF NEARBY LINES

The use of broadband photometry for measurement of the equivalent width of the O1
triplet relies on the absence of strong nearby lines. We see from Fig. 2 that, in fact there is a
strong feature in the A and F supergiants to the red of the triplet (at ~A7777.9). This is
likely to be the Si1 4p3P—7s'P° transition which is listed as a predicted line in Moore,
Minnaert & Houtgast (1966), Moore (1967) and Swensson et al. (1970). The line seems to be
misplaced at A 7797.56 in Lambert & Warner (1968). The equivalent width of the feature
decreases sharply with temperature until the line disappears at G8 — this is consistent with
the high excitation (6.08 eV) of the SiI transition. CN lines are strong in the spectra of the
cooler stars. In € Gem the blend of (6—3)Q,(48) and (7-4)R,(37) at A 77729 is seen
between the first two components of the oxygen triplet and pronounced CN lines (together
with TiO) appear in & Ori (M2Iab). However, the absence of these and other CN lines in the
hotter stars indicates that the likelihood is small of the feature being due, for instance, to
the A 7777.52 (7-4)Q, (30) CN transition. There is also a suggestion that the Cr1A 7771.74
line appears in the blue wing of the A 7772 O 1 component in & Cyg, € Aur and 7 Leo.
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Finally, we discuss the behaviour of some of the nearby metal lines which can be seen
clearly in the diode array spectra. Rao & Mallik (1978) measured the equivalent width of the
A 7748 Fe1 line and used the product of W(O 1) and W(7748) as a new luminosity indicator,
the intention being to eliminate temperature effects as W(O 1) should decrease with decreas-
ing temperature whilst W (7748) increases. In our spectra the Fe 1 line is unresolvably blended
with Ni1 RMT 156 but the equivalent width of the blend shows the same correlation with
temperature. The A 7780.6 Fe1 line has a higher excitation potential (4.45 compared to
2.94 eV) and is not temperature sensitive.

6 Conclusions

It is seen that with a photodiode array good quality spectra can be obtained with a small
telescope and poor seeing conditions. The sensitivity in the near infrared enables spectral
features to be examined in detail where previously only broadband photometry has been
possible. For the O1 triplet the existence of nearby lines, both in the intermediate and late
type stars, means that these photometric results must be interpreted with care.

It is possible (Athay & Skumanich 1968) that many near infrared lines are formed in
conditions of non-LTE and it would seem that, with their high quantum efficiency, solid
state detector arrays are eminently suitable for their study.

We note that, although the Plessey arrays are prototype devices and the number of pixels
is rather small (512), the good noise performance makes them competitive with other solid
state detectors. So far, the array most used for spectroscopy in the near infrared has been
the Reticon; this has a higher readout noise (~ 800 electrons) and cannot be read out non-
destructively (Vogt, Tull & Kelton 1978).
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