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SYNOPSIS 

This thesis concerns the development of a wide-field infrared 

photometer. 	The photometer was first designed as a broad-band 

radiometer for use as a reference channel of a field-compensated 

Michelson interferometer, but later evolved as a separate survey 

instrument for the detection of nebulae, globular clusters, comets and 

other extended astronomical infrared sources. 

Details are given for a Moir6 grid modulation system designed 

for intensity modulating a 25mrri diameter optical beam at 400Hz, and 

an alternate disc-chopping system. Two pivoted-mirror, sky-scanning 

systems are also described; one involving the parallel-pivoted motion 

of two linked diagonal flats, and the other involving a twin spherical 

mirror arrangement. The latter system is capable of sky-comparison 

on a telescope with good definition, a 25mm field, and 25rrim throw at frequencies 

up to 50Hz. A capacitance position-detection system and servo control used 

to control the mirror-scan square wave 'motion is also described. 

A semi-empirical relation for PbS detector and bias network optimisation is 

also developed and verified. 

Astronomical observational data is given as obtained with this 

wide-field infrarea photometer, including successful' detection of a comet, 

nebulae and many globular clusters at X 1.65 p  and X 2.2p. Come possible 

astronomical applications and research topics are also discussed. 
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CHAPTER 1 - 

	

1. 	Astronomical extended sources of near infrared radiation; 

some observing techniques; a Mock interferometer: and the 

development of a field compensated Michelson Interferometer. 

Contents: 

	

1. 01 	Introduction. 

	

1.02 	.Some problems of observing astronomical spectra in the infrared. 

	

1.03 	Astronomical infrared extended sources. 

(a) Stellar sources, (b) Planetary nebulae, (c) Diffuse nebulae (visible to 

- infrared emission), (d) Diffuse nebulae .(X I, to 4 ti wavelength motion). 

(e) Other infrared extended sources. 

	

1. 04 	The design parameters for. infrared spectrometers. 

	

1. 06 	A field compensated Michelson Interferometer. 

(a) Resolution-throughput advantage, (b) Principle of field 

compensation, (c) The field compensated Michelson Interferometer. 

	

1.07 	A 40" flux collector with a fixed focus. 



ASTRONOMICAL EXTENDED SOURCES OF NEAR INFRARED 

RADIATION; SOME OBSERVING TECHNIQUES; A MOCK 

INTERFEROMETER; AND THE DEVELOPMENT OF A FIELD-

COMPENSATED MICHPLSON INTERFEROMETER 

	

1. 01 	Introduction  

This thesis mostly concerns the development of a wide-field near-

infrared photometer but this chapter concerns the work carried out leading 

to its development, starting with observations of X 0.6 µ spectra of diffuse 

nebulae with a Mock Interferorm ter (a modified 3m. Ebert spectrometer), 

and concurrently the development of a field compensated Michelson 

interferometer (F. C. M. I.) for continuation of the observed spectrum up to 

about X 212 . Extended sources of infrared radiation are discussed together 

with their mechanisms and some observirg techniques, but no detailed 

histo-rical account of the subject of interferometry or related infrared 

astronomy is given, as the author considers this thesis long enough without 

. it; an extensive background reading list is given at the end of this chapter. 

	

1. 02 	Some problems of observing astronomical spectra in the infrared  

Photomultipliers are limited in wavelength response to around X 0.95 

by the available energy potential of photocathode materials. Some extended 

S20 photocathodes may reach A 1. Op but these are not commercially 

available. Semi-conductor radiation-sensitive devices have energy gaps 

corresponding to maximum sensitivity ranging from X lg for lead sulphide 



to X 10p for indium -antimonide. All such semiconductor devices are 

very inefficient as compared with photomultipliers, although' their sensitivities 

increase considerably on cooling. 

Atmospheric emission, as given by a room temperature black body 

from graph Fl. 01, is well below the detection limit for a photomultiplier, 

see graph Fl. 02, but increases expontencially with wavelength in the 

near infrared to reach a peak near X 10121 this emission may be detected 

with a modest infrared detector at around X I. 3p and is shown by the 

curve of F1.03. 	At this wavelength, the air becomes effectively opaque, 

and an infrared detector will show rapid fluctuations in emission from small 

percentage temperature irregularities (see curves Fl. 03) (R1.05, R1.06). The 

curves F1.03 were plotted from the black body radiation function, and were 

later experimentally verified (see chapter 4). The principal atmospheric 

non-thermal emission component is produced by OH radical vibration bands, 

originating from the reaction H + 03 -4 OH + 02, OH +0 	H +0 • 2' 

the OH transition (see table T1.I, Purdy R1.01) and-resultant combined emission is 

shown in Fl. 04 together with the atmospheric abundances in Fl. 05. 	The 

airglow emission bands do not occur at certain wavelengths, leaving optical 

windows at X 1.3p, X 1.65p, X 2.2p, X 5p etc. (see F1.06). 

The near infrared atmospheric sources have been studied by 

D. Pardy and others, see references RI. 01 to R1.04, mostly with the aid 

of balloon born interferometers. A summary of the.airglow emission bands 

is plotted in figures Fl. 02 and Fl. 03. The optical windows allow observation 
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of astronomical sources, but the black body atmospheric emission beyond 

X 1.3p is in general considerably greater than that from most other observed 

sources and reaches 	• a peak at about X 10p, and so sky-comparison 

techniques must then be employed. 

1.03 	Astronomical infrared extended sources  

(a) 	Stellar sources  

The diagram of F1.07 shows the observed radiation curves for 

several infrared astronomical sources; most of these resemble black 

body curves integrated over a restricted range of temperature as would be 

expected from stellar thermal sources, especially from red super-giants 

with extended atmospheres. Some sources such as R. Mon, p Ceph. 

and possibly the galactic centre show additional se^.ondary peaks around 

X 10p corresponding to a lower temperature secondary source such as 

an evelope cf dust around the stars in question. Recent work by Neugebauer 

and Low(R9.Ol, R9.02)on the galactic centre also confirms the view that 

this emission is largely thermal in origin. 	There are some infrared 

emission line features produced by cool red giant stars (K, L, M class) 

which arise from C,N, &O,molecular band transitions; these stars 

sometimes show absorption features around X 9p, where silicates are 

thought to be responsible. 

These emission bands tend to average cut when obselang globular 

clusters or galaxies, leaving the dominant broad absorption features in 

the infrared thermal continuum. 	Globular clusters and galaxies are 

the subject of some discussion in chapter 9. 





Spectrum of planetary nebulae 

Only the stronger lines are tabulated, and are relative to HP ( = 100). The intensities-
represent planetary nebulae in general but wide differences are found, mostly concerned 
with T s . t = line whose intensity increases with T *; N = line whose intensity varies 
erratically for various nebulae; [ ] = forbidden line. 
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Tabla1.3 Observed intensities of infrared lines 
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Tabler1.7 Expected infrared photon WiSSial  
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(b) 	Planetary nebulae  

Planetary nebulae show thermal (continuum) emission in the 

visible as a combination of degraded and reflected stellar radiation, 

as well as line emission, (R1.08) of which forbidden lines dominate. 

The strongest lines are [0 III], Ha 	HP 	, [N II] 6584, (a list is given 4959  6563' 4861 
5007 

in table T1.2 (Allen, Ri. 07), and are usually produced by cascade processes 

from degraded Ly a stellar radiation; the heavier less abundant elements 

emit forbidden lines from non-collisional de-excitation. Infrared line 

emission is less common, though predictions have been made for X > 3g 

by Flower (R1.11). 

The mechanisms for these infrared line sources are similar to 

those operating in diffuse nebulae; diffuse nebulae are the principal 

subject of interest for the instruments to be described in the remaining 

sections of this chapter. 

Table TI.4 (Osterbrock, R1.28) shows the expected hydrogen lines 

for an 1-111 region 	at 10000oK. Some helium lines are also expected, 

i • the most interesting is the X 1.030 p, HeI line, 23  S-23  P which s thermal-

electron-collisionally excited and must encounter many scatterings before 

leaving a nebula. The line is thus very sensitive to electron density and 

anisotropies in the nebula; it ha G been observed by several authors 

(R1.20, R1.30, R1.31) and is found to be usually asymmetric as determined 

by local anisotrcpies in the radial velocities of the nebulous rna terial. 
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The optical depth at the HeI 1.08312 line is considerably 

greater than at He1 X 0.3891: which is weakened by absorption and 

partially converted to X 4.296 z 33S-33P. 

Coilisionally-excit ed and forbidden lines also occur in the infrared, 

and for collisional excitation, the infrared threshold is low and so is favoured. 

Table T1.5 (Osttrbrock, R1.28) shows the principal collisional 

lines expected, the strongest being [NeIIJI,2. 	[SiII]34.814  and [11.1]1.5611; 

the table is based oil collisional excitation, followed by photon emission. 

At higher electron densities some collisional de-excitation occurs which 

affects the relative intensity of different lines of an element at the same 

ionisation (for example the two [NII] lines
X174, X204). Cool HI regions 

are also expected to give infrared line emission from lower levels of 

excitation including hydrogen molecular bands, and these are sensitive to 

the temperature (see table T1.6 & T1.7, Osterbrock R1.28). There will 

also be infrared transitions from OH, CH, NH, and OH+. CH+ and NH • . 

Resonance fluorescence lines are also possible for H2, excited by Lyman a 

radiation and returning via the N? = 1 vibration level. (Table T1.8). 

The wavelength range with which this thesis is concerned is X 0.711 

to X 2.212 and includes only a few possible nebular emission lines. 

(d) 	Diffuse nebulae (X 1 tc 4 12 emission) 

Some diffuse nebulae show [SII]6717 emission, and some show [011)7319  

7330 
but the only strong line found beyond this is the [He]10830  line as previously 

discussed. Several possible non thermal mechanisms of X 1.0 to X 4.011 



emission have been suggested; line emission from 1s2, 2s2 2p2 3P transitions 

would be expected from elements of this isoelectronic sequence. 0+2 has 

line emission from the 'S to 'D transition at A 0.4363g, 'D to 3Pj=2  at X.5007 A , 

'D to 3p ._1 at X.4959 A and 3p Aj=1 transitions for A) 10 (1 ; the 'S to 'D 

and 'D to 3p transitions will occur at long wavelengths for elements of lower 

ionisation energy, such as Ne+ 1S2 2S2 2p5 3P. Transitions of this type 

will occur from npq  electron configurations where q = 1 to 5 but / 4, q is 

more typically 1 to 3 but the maximum may occur of q = 5 to 6 in HII regions; 

the lower atomic number and lower ionisation elements are more abundant 

and hence give stronger emission. The thermal electron collisionally 

excited A 1.0830A and HeI 23S-23P line previously mentioned has been 

studied by various authors (R1.29 - R1.30) to determine electron densities 

in nebulae; this line emission is scattered many times in a nebula; there is 

some evidence that this line does not always appear symmetrical. The 

line arises from collisional transfer in the 22S to 23P transition. The 

strongest HeI line is expected to be 2'S-2' PA 2.059A. 	Pachen lines 

(n = 3 to n = m, 3 ( m ‘-.0) from neutral hydrogen start at Al. 8751 /2 

and follow at A 1.2818 t , 1 . 09 3 8 p. etc. to the series limit at A 0.8204 A . 

Observations of diffuse nebulae in the infrared have been made by various 

authors (R9.21 to B9.27) and line predictions are given by C3terl'rock 

(R1.28), 



The wavelength range with which this thesis is concerned ( 0.7 

2.2 A) includes only a few possible nebular emission lines. 	The 

figures Fl. 08 and F1.09 show the lack of available observed data for line 

emission between A 0.9A and 4i.e. 

(e) 	Other infrared extended sources  

At present, the radio loop structures observed by Meaburn and by Reay 

et al (R1.32, R1.33) have not been detected in the infrared, but would be 

well worth investigating. 

Comets have been detected in the infrared (R1.34); most of this 

continuum is reflected solar radiation. The subject has not been intensively 

studied mostly due to the infrequent occurrence of bright comets and the 

limited field apertures of most infrared photometers. 

1.04 	The design parameters for infrared spectrometers 

Near infrared and infrared radiation from astronomical sources is 

invariably detector noise-limited, as opposed to photon shot-noise limited 

in the visible and ultraviolet. Spectrographic work in the near infrared 

becomes very inefficient when wavelengths are observed successively with 

the low-sensitivity detectors available. The design of near-infrared 

spectrometers concentrates on maximising the instrumental resolution-

throughput product and at the same time using the "Fellgett Advantage", 

whereby a signal-to-noise advantage of (no. of resolved spectral elements 

in the wavelength range)2  is attained over monochromator type .spectrometers, 

from observing the full wavelength range simultaneously. 	This advantage 
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arises as the signal detected will be proportional to the integration time 

and to the number of simultaneously observed spectral elements, 

while the random noise,when detector limited, is only proportional 

to the square root of this integration time. 

Instrumental throughput for an aperture may be defined as the 

product of the solid angle of the incident beam on that aperture and the 

area of that aperture. In order to achieve maximum transmission of 

the available radiation through an optical system, this product constant 

must be maintained for all apertures in the system. The quantity is more 

readily appreciated in its square root form, where for conservation, the 

product of any aperture diameter and the F ratio of the beam at this 

aperture must be maintained throughout the optical system. In pract ice, 

the telescope defines the throughput by the telescope F ratio and the 

available field of view at the telescope focal plane, which usually forms 

the input aperture stop for a following spectrographic system. 	Slit 

spectrographs are satisfactory only for single stellar-type sources where 

the slit width is comparable to the image size; 	usually the slit width 

is necessarily restricted to increase the spectral resolution at the pike of 

a reduction of throughput. The near-infrared spectrographic study of 

extended sources such as diffuse nebulae requires a wide field of view 

as well as simultaneous observation of all spectral elements, and a through- 

put matched to this large field and telescope F ratio. The field of view 

or entrance aperture is usually geometrically restricted and so fast telescope 

foci are preferred in order to gain throughput; resolution must 	not 
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suffer as a result of this large throughput. Two such spectrophotometric 

systems briefly described here are the Mock Interferometer and the 

wide-field-compensated Michelson interferometer. 

1.05 	The Mock Interferometer 

The Mock interferometer of J Ring and M J Selby is described in 

detail in references (R1.35, R1.36) Pnd is shown in diagram F1.10a; 

it consists of a 3m.Ebert spectrometer with the conventional input slit 

replaced by a Moire grid in the telescope focal image plane. The dispersed 

image of this grid and field stop is superimposed onto the grid and the 

resultant Moire fringes imaged onto an infrared-sensitive photomultiplier; 

the Moire grid is rotated about the principal optic axis in steps, and the 

transmitted radiation received on the photomultiplier recorded as samples. 

The grid and imaged grid are shown in diagram F1.10b, together with the 

output transmission relation (F1.10c); the samples are deconvoluted with 

the transmission function given (in a computer), to restore the original 

spectrum. This mathematical process is similar to that used in the 

spectrum restoration transformation of an interferogram; here the 

Moire fringe pattern takes the place of the interferogram, hence the use 

of the name 'Mock'. 

This system was used with the 40" flux collector at the Imperial 

College outstation, Silwood Park Ascot, to observe diffuse nebulae in 

X 0.65 to A 0.9µ; the author's part mainly being that of an observing assistant. 
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Some spectra were obtained from the brighter diffuse nebulae showing 

several spectral forbidden nebular emission lines including those of 

[SII] and [SRI]. 	The intensity ratio of [SI.116717/[SII]6731  is a particularly 

sensitive indicator of electron density, and unlike most other lines, is 

not a function of electron temperature; some more work on this is 

discussed in chapter 4. 

1_ 06 	A field compensated Michelson Interferometer 

(a) 	Resolution-throughput advantage  

Figure F1.11 shows the resolution-throughput product of several 

types of spectrometer as a function of resolution. The case of the grating-

slit spectrograph has already been discussed; the increased field of view 

of a standard Michelson spectra meter has a x 102 advantage in resolution 

throughput product (see figure F1.11), while a spherical Fabry-Perot 

etaldn system resolution-throughput product varies according to the 

resolution, and is always greater than the corresponding .Michelson 

interferometer product. 	Field compensation for a Michelson inter- 

ferometer gives a further advantage in resolution-throlighput product over 

the Michelson interferometer; this is at least a further N x 102  for 

a resolution of 104; a field comnensai:ed Michelson interferometer then 

has a N  102 advantage over the classical spectrometer (R1.37). 	Such 

an instrument was built by J AN Schofield with the function of observing the 

X 0.7 to 2.0g spectrum of large bright diffuse nebulae; the author's part 
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in this instrument was mostly as an assistant in the later stages of 

construction. 	The advantage of such an instrument only applies 

so long as the source fills the entrance aperture,which in this case was 

approximately 90mm diameter. Such a high resolution Michelson inter-

ferometer has been built and successfully operated by P Cannes (RI. 39) 

for observing rear infrared planetary spectra at high resolution. 

(b) 	Principle of field compensation  

There are a number of possible designs for field compensated 

Michelson interferometers, which are discussed in a paper on this subject 

by j Ring and J W Schofield (R1.37); the system built by j W Schofield 

follows Hertz first design (R1.44) and is shown in figure F1.12a. 

The interposing of the double glass wedge shown 'geometrically 

foreshortens that arm of the interferometer; the apparent angular size of 

the moving mirror subtended at the exit aperture may then be kept equal 

to that for the fixed arm mirror also observed from the output aperture, 

for all positions of the moving mirror. Preservation of this relationship 

for all path differences increases the throughput of the instrument as 

previously discussed. Figure F1. 12b shows a ray trace through a 

compensation block before a mirror; varying the thickness 'E' of this block 

accordingly varies the foreshortening distance 'DT. 

The optical path difference between ray A CH and ray A KF 

(without the block) may be determined. 
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2 	1   = 2E ( ( 	sin2  i)2  - (1-sin2i)12.) + 2D (1 - sin2  i)2  
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E1.11 
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The wavefront error is shown in graph 171.13 and shows that at c resolution 

of 104 " the maximum off axis angle (or entrance aperture half angle) is 10°., 

while that for an uncompensatcl Michelson interferometer with a 2D cos i 

path difference is a few arcmins. For a similarly chromatically limited 

angle of 10°, the compensated system must be limited in spectral range to 

E1.16 
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A X 0.2p in the visible, but with a throughput advantage of-0400 (see F1.11) 

over an uncompensated system at R = 104. 

(c) 	The field compensated Michelson Interferometer 

The instrument built by j W Schofield followed the Mertz design 

shown, and had a 90mm entrance aperture and a resolution of 104. 	Thickness 

of the glass split prism compensation block was varied by moving one prism 

relative to the other parallel to their interface as shown; the fixed block 

in the fixed arm compensates the finite thickness of the wedge block, such 

that a condition of a compensated zero path difference for two arms may be 

achieved with the wedge in position. The wedge location was servo 

controlled to the mirror slide; a capacitance bridge gap detector (R1.38) 

measured the relative position of the wedge and mirror, which were 

respectively en air bearing slides and controlled by linear motors. The 

moving mirror optical path position was monitored with a photomultiplier 

from the interference fringes produced with a narrow He-Ne laser beam 

passing along the principal axis of the systern 	A second servo system 

locked the moving mirror onto the respective fringes, and its motion 

wan stepped at single fringe intervals with a total displacement range of 

approximately 1 cm. 

The laser beam was introduced at the entrance aperture, and 

removed at the exit aperture via small diagonal flats, such that the 

remaining field was available for the infrared radiation to be detected. 
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The two Michelson mirrors were of cube-corner design, such 

that when correctly arranged a small tilt in the carriage slide motion 

would give 	rise to a displacement of the beam and not a tilt, and 

so the compensation was unaffected. The• system included a 

collimation lens for an F/5 input beam after the entrance aperture, and 

a spherical-mirror beam convergence system to reduce the 90mm output 

beam onto a 0.8mm diameter uncooled lead sulphide detector (see next 

chapter). 

In order to detect and amplify infrared radiation, the radiation 

must be modulated in some manner with some carrier frequency; such a 

modulated signal is less sensitive to atmospheric turbulence, especially 

when detected with a synchronous filter. The system of Connes uses, a 

tilted glass block in the beam to provide modulation of the fringes, while 

in this case the 'fixed' corner-cube was vibrated over a small fraction 

of a wavelength at 400Hz. The detection and servo systems were then 

operated with this carrier frequency. 

It was found necessary to develop elaborate anti-vibration mountings 

to isolate the optical table from ambient vibrations, and both the moving 

carriages then required viscous damping baths to inhibit their motion. 

Some time was spent mirror aligning and producing satisfactory nompensated 

fringes; the development of this instrument with the principal intention of 

producing near infrared spectra of NGC (1976) proved to be very long term. 
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Delays in completion of this instrument gave oppoitunity for the author to 

concentrate on the development of the infrared detection system necessary 

and also the development of a reference channel to simultaneously monitor 

the overall input radiation level during mirror scans. 

This latter instrument was necessary as the Michelson Interferometer 

was only equipped with one exit aperture, and so each fringe sample would 

require to be divided by the reference monitor output in order to eliminate 

sky opacity variation; this monitor became a separate survey instrument 

and became the principal concern of the author, and is the subject of 

this thesis. 

Since the time of the development of the field-compensated Michelson 

Interferometer, a second system has been built with a further X10 improvement 

in throughput 'with both moving.mirror and compensation block mounted 

on the same carriage (see R1.35); this instrument may be used for 

Raman spectroscopy. 

R1.07 A 40" flux collector with a fixed focus  

This instrument, shown in figure F1.13a was placed at Silwood 

Park, Ascot; it was used with the Mock interferometer and Michelson 

interferometer previously klescr4bed, both spectrometers req'iired a fixed 

focus with a fast beam and the flux collector was built with this in mind. 

The author's concern with this instrument was mostly as a principal 

user but he was also responsible for its initial astronomical axial alignment 



17 

and some operational refinements. 	The flux collector was again mostly 

the concern of J W Schofield, and proved a useful test-bed for larger 

instruments. Radiation from the sky is reflected by a set of six 

flats 'A' (F1.13b) on a steerable frame, to a fixed vertical paraboloid 'B' 

40" in diameter. with an F/5 prime focus located in an adjoining but 'C'. 

The flat frame 'A' is driven on a polar axis at half siderial rate; while 

the declination axis is also driven through the declination half angle at 

the appropriate rate (tables were provided) in order to keep the image of 

the object of interest at 'C'. 

Gravitational twisting of the tessellated flat frame proved 

to be quite severe, and there were also some mechanical problems with 

the drive; frequent mirror alignment proved necessary. 	In principle, 

the instrument is satisfactory, put in practice proved problematical, 

although the system was used for all the observations made with the 

Mock interferometer and for trials made with the radiometer to be 

described. 
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THE ORIGIN, AND CONSTRAINTS FOR A WIDE FIELD 

RADIOMETER AND SOME DESIGNS FOR FOCAL REDUCERS 

2.01 	The F. C. M. I. compensation channel and its constraints 

The F.C.M.I. was a single exit beam instrument, and so a 

reference channel was necessary in order to monitor sky transparency 

changes during the mirror scan of any astronomical source; each F.C. M.I. 

fringe sample could then be divided by the corresponding compensation 

channel signal to eliminate sky transparency fluctuations. Such a compensation 

channel would be mounted prior to the telescope focus and measure an 

integrated value for the whole field seen by the F.C.M.I.; this could be 

achieved by the use of a pre-focal beamsplitter. The distance between the 

telescope house wall, and the focus was approximately 370mm, and with 

an F/5 telescope beam converging to a 91mm field, any design involving a 

very large beamsplitter further up the beam was considered impractical. 

A 400mm pre-focal space was just suffic!eut to insert a 45°  diagonal flat 

to bring the reflected beam focus clear of the incoming telescope beam- the 

reflected focus could then be reduced by any of a number of possible optical 

arrangements. 	The distance available perpendicular to the beam in the 

horizontal plane was limited only by occasional window struts and a 

narrowing due to the optic axis of the telescope being slightly inclined to 

the wall normal. The F.C.Ivi.I. base plate would present an effective 

obstacle to access of such a compensation device; any chopping or sky- 
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comparison system used in the compensation channel should not interfere 

with the F.C.M.I., and so it was decided to regard this instrument as a 

separate isolated self-contained unit, and as the instrument was to observe 

all wavelengths covered by the F.C.M.I.. . simultaneously, was given the 

name 'radiometer'. 	The principal sections of the radiometer are: 

optical system, modulation system, and detection electronics system; 

these will be discussed separately. The remainder of this chapter is 

concerned with the various possible optical systems that can be used to 

reduce a 91mm field down to a 20mm field (not necessarily an image),as 

required by the largest available PbS plate detector. The reflectivity 

of the beamsplitter necessary to give the optimum signal/noise in the 

divided and convoluted Fourier transformed F. C. M. I. interferogram .was 

the subject of some calculation, which proved inconclusive. It was finally 

decided to conduct practical experiments with different reflectivities in 

order to establish the optimum; as the F.C.M.I. did not become operational 

. these experirre nts were not executed. 

2.02 	Possible reduction systems for the radiometer 

Two simple reduction systems are shown in fig F.2.01 together 

with the necessary constraints on space and location of the beam splitter; 

this diagram is a scale plan of the originally proposed optical table base, 

seen at the level of the optic axis, some 100mm above the base. The 

F. C. M.I. 	entrance aperture is coincident with the main telescope beam 
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focus, below the lower edge of the diagram. The optical element C is 

either a lens to give an image of the telescope objective mirror at B, or 

is a mirror to give a similar image at A; in both cases, the F ratio 

required to give the 4. 5:1 reduction is F/0.9. Both systems were tried, 

as will be mentioned later, but the mirror system has the distinct 

disadvantage of self-obscuration and very limited space for a detector 

assembly. 

Figures F2.02 to F2.08 show the various reduction systems 

considered, all but one (F2.08) giving reduced images of the telescope 

objective. The principal disadvantage of the lens shown in figure F2.02 

is that the necessary low F ratio will give rise to large aberrations including 

chromatic aberrations riot common to the mirror systems. 

In figures F2.03 to F2.95 various two mirror systems are shown; 

all. suffer from excessive self-cbscuration when reducing F/5 to F/0.9, and 

the focus in the Newtonian system F2. 03 does not even clear the main beam. 

Of the Cassegrain (F2.04) and Pfund (2.05) systems, the Cassegrain is a 

little more versatile but in the three possible secondary mirror positions 

shown, 3 shows excessive obscuration, and focus 2 is only just accessible, 

still with bad obscuration. The prime mirror focus F2.06 has been 

previously discussed; is offers the least obscuration providing the detector 

assembly is very restricted in size. 
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The light cone (F2.08) requires much of the light to suffer multiple 

reflections and subsequent attenuation and so is rather inefficient; the 

gradient of the cone is controlled by the required exit aperture and the 

input aperture. The construction diagram for a light cone for a parellel 

input beam is shown in F2.09; the circle shown is constructed with a 

diameter equal to that of the entrance aperture and the required exit aperture 

is constructed on its circumference; the minimum cone length to avoid total 

internal reflection is given from the intersection of the circle radius through 

the exit aperture limit and the projected entrance aperture shown. The 

number of sides of an inscribed polygon,of side length equal to the 

aperture, i n a quadrantof the circle is then equal to the number of reflections 

of the beam to produce a beam reorientation of 900. The F/5 converging 

beam requires a proportionally less convergent cone in order to avoid total back- 

reflection, 	 - 	Light reflection losses in such a system can 

be high; this is unsatisfact ory as the likely astronomical sources are 

scarce in infrared photons, and infrared detectors are inefficient as compared 

with photomultipliers. 

An off axis spherical mirror arrangement suffers from excessive aber-

ratjons (bad image spread), but an off axis paraboloid may not (F2.01). 

2.03 	Optimisation of an off axis parabolic mirror 

The reflection properties of an off-axis paraboloid were investigated; 

the requirement being that all the light is reflected out of the main beam 
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and through an aperture 20mm in diameter (see figure F2.10). In this 

analysis, 1. = distance from the aperture centre, and litana gives a 

convenient scale parameter's L, where 2 tan a is the F ratio of the 

input beam (for F/5, tan a = 0.1). The parabolic curves are all arranged 

such that a ray parallel to the parabola, axis will be reflected normally 

when it corresponds to the aperture centre normal (see F2.10). Tne 

family of curves is defined by either proportional constant 'a' or '0; the 

limits of these curves given by the directivity condition of the reflected 

beam, together with their efficiencies, are here determined. An optimum 

curve is found from the family to give maximum reflection into the aperture; 

no curve reflects all the available light into this aperture. 

The function f = ax2 	 E2.01 

has a first derivative 	= 2 ax = tan 0 	 E2.02 

1 I 
When = 1, x1 = ja' f 

	— 
1 2 4a 4a  

1 	 9 

2a 	4a 	2 Then c = — and b = —1 = 	b = ac-  —c 
 

Now 1. = r tan a cosi) 	 E2. 03 

and r2 = x2 + (f - b )2 
	

E2.04 

= x2 + f2 2bf + b2 

= x2 +a2 x4 -2bax2 +b2 

	

= a2 x4 + x2 (1 - 2ab) + b2 	 E 2. 05 

And is used to determine the accommodated input beam limits in 

figure F2.12. 
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cost = x/r, then r/cosio = r2/x  • 

Centre of the aperture, 

Then L(x) 7- Vtan a = a2x3  

E2. 06 

E2. 07 x (1 - 2ab) + b2/x 

1 
c 	2 and replacing  a =-2  and b = - 

then 2ab = 1 , 1 - 2ab = 1  

a2 = 1  , b2 c
2 

= T  
4C 

 2 

x3 x 	c2 
Then L(x) = --2  + - + 4c 	2 	4x E2.07 

see figure F2.12 

For an F/5 beam, tan a = 0.1 

c is a constant for a given curve. 

Then 3x2 

x 
c2 

+ 2  - —2 = 0 for an extrema 
4c2 4x 

E 2. 08 

and if x )4 0 

4 	2 2 2 1 4 x +  c x - 	= 0 3 

x2 = -c2 
+- c

2 
 3 

- 
9 

1 ,2 	2 3 or c E2. 09 

Only the positive root is acceptable, 

C/ then x = 
c
/ 	is the minimum L point 
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Substituting in E2.07 

L 	 4c _ 4 — x 3  
12J 	2 T-3. 	4/3 	313-  

Allowing c to vary but holding x constant 

from E2.07 

dc = - x3
/2c  3 + c/2x  = 0 for an extrema 

E2.10 

E2.11 

Then c/x= x3 /c3 

4 = C4 X  

and so x = c, for the positive root minimum L point 	 E2.12 

Substituting in E2.07 

V 
c c c L(c) 	, -2- + 	= c L 	= x E2.12 

Now let there by an Lri„).(Lmax) and Lx ( Lmin. ), then there is an 

x and x . 

The maximum value of x for a given L is given by:L < LA\ 

Then f.i:om E2.07 

2 x3 
+ + x c 

4c2 2 4x 
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hence x4 + 22 x2 + 4c4 - 4c2 Lx >i 0 

c4 + c2 (2x2 - 4 Lx) + x4 	0 

c2 	2Lx - x2  + 2x j1.,2  - Lx 	see figure F2.13 

For real positive roots, then: L > x;hence the smallest 

real c occurs when L = x, and then c = x. 

For a given position'x'across the incoming beam, the smallest 
. , 

value of the deviation parameter L occurs when L = x and 

then x = c. 

E2.13 

Summary: 

The function f = ax2, with focal distance b = —1 ' is plotted as a set 4a 

of curves with various b, in figure F2.11. The intersection points of the 

curves with the extreme edges of the F/5 beam are shown, together with the 

limits for which the light is reflected into the aperture, as given by E2.05. 

Deviation parameters for each parabola are shown in figure F2.12 as 

determined from E2.07; the maximum beam coverage is determined by 

E2.13, as shown in F2.13; the optimum is then for the curve c = 3, then 

b = 1.5. 	This curve can be seen hi F2.11; there is still a significant 

light loss from the side of the mirror not reflect ing all that light into the 

aperture. 
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Such a mirror could be manufactured by turning a mould out 

of wood, or similar medium, to a template; a plastic replica mirror 

could be moulded and then aluminised. 

The CA LCOMP graph plotter was used to draw up the optimum 

curve for the template; a best fit circle was also obtained. 

This reduction method was considered unsatisfactory, again for 

reasons of light loss (as shown, a large proportion of the incident radiation 

does not pass through the exit aperture). 

2. 04 	Focal reduction systems using lenses 

The function of a focal reducer is to produce a reduced scale image 

of the original field; - the system may or may not include a collimated 

beam section for the introduction of interference fiiters or dispersive 

elements. In the case considered here, there is no need to produce an 

image of the original field; it is more advisable to image the objective 

onto the detector, as this gives a more uniform instrumental field profile. 

(a) 	A simple focal reducer without collimated beam 

A simple focai reducer is shown in figure F2.14; this system does 

image the field with a 4.5:1 reduction and requires only one addition lens; 

the system does not provide for a collimated beam space. The advantage 

of this system over the simple lens is mostly due to increased total focal 

distance for the same scale reduction with the simple lens; this system 

was used for the second instrument built,and is desOribed in chapter 4. 
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(b) 	Focal reducers with collimated beams 

Two systems imaging the objective are shown in, figures F2.15 

and F2.16; both contain collimated beam spaces but neither collimated 

beam is of much practical use due to the extreme beam divergence in 

each case. The beam divergence at any aperture is determined by the 

conservation of throughput : 	4775.• = constant as given by the product 

of the telescope F ratio, and the field diameter. 	Any reduction in aperture 

in the system from the 91mm will inevitably lead to divergences greater 

than F/5. 	The input parameters of F/5 and 91mm field are too severe 

for any common infrared interference filter; most such filters will operate 

to specification only in a slower beam convergence than F/5 and are 

available only up to 25mm diameter. This is not a severe limitation, 

as the instrument was intended only for use over broad-band without inter- 

ference filters; these constraints are thus acceptable for a radiometer, 

but unacceptable for a photometer where narrow bandwidth interference filters 

are used. The system of F2.16 has a weaker projection lens 'CL ' than 

shown previously, and has a second field lens, while the system of F2.15 requires a 

single powerful projection lens and gives a 3.3:i reduced field image as 

, 	• 
well as a small scale objective image. The lens C

L 
has been used to 

project the field or objective image. without scale change. 

Figures F2.17 and F2.18 show focal reducers with weak field lenses 

and large diameter collimated beams 	with 5:1 field reduction, but with 

unsatisfactory objective image reduction; note that the introduction of a 

second powerful field lens in F2.18 considerably reduces the secoLid objective 

image scale, but still by an insufficient amount to justify the complexity. 
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A phoiomerric system with interference filters can only be 

designed by a reduction in the field stop diameter or F ratio or both. 

The system shown in figure F2.17 was built for the photometers to be 

described ili chapter 5, though in this case the telescope F ratio was 

F/5 or F/8, and the detector was placed at the reduced field focus 

'f' which is a 5:1 reduction of the 25mm diameter field lens stop 

Note that this system has a reduced field of view to those previously 

described, and so can accommodate 25mm diameter interference filters 

in the collimated beam without excessive filter band-Width broadening 

or shifts. The exit stop arrangement was designed for use with 4.0 to 5.0MM 

detectors in a cryostat, where a reasonable back-focal distance was 

essential to accommodate the cryostat window. 

Figures F2.19 and F2.20 show the effect of extending the collimated 

beam space of figures F2.17 and F2.18, while in F2. 19 maintaining the field 

reduction of 5:1. The system of F2. 19 was also built, as a modification 

to the F2. 17 arrangement, but here the input telescope beam was restricted 

to F/12.8, which enabled the projection lens CL 
to be considerably reduced 

in size (the steps for F/12.8 are shown dashed in F2.20) and so accommodated 

inside the cryostat. This system is further discussed in chapter 7. 

Figure F2.20 is a modification of F2.19 to produce a further 2.5:1 

reduction of the objective image by the use of a second field lens fL  • with 

an F/12.8 input beam, and 25mm field stop, the reduced objective focus 

stop is 4. Omm. This system has the advantage over that of F2.19 of a 
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flatter instrumental profile, but introduces more loss of light by way of 

the additional optical element. Again this arrangement is suited for 

use with a cryostat cooled detector, with a clear 25mm cryostat window; 

this is discussed in chapter 7. 

2.05 	Summary of reduction systems 

The requirement of a 91mm 4.5:1 beam width reduction of an F/5 

telescope beam is restrictive on the choice of a reduction system. The 

simplest and most practical system for a radiometer is either the simple 

short focus lens (F2.02) _ or the spherical mirror used at its prime focus 

(F2.06); all other mirror systems suffer from excessive self obscuration, 

and an off axis paraboloid or a light cone is inefficient. 	In either the 

simple lens or spherical mirror case, the image is of the objective, which 

for infrared detection purposes is preferred, but the original image may be 

"restored on the same scale as the objective image by inclusion of an 

objective lens as in F2.14; this additional axial distance of the focus 

may be of benefit in some cases. Collimated beam focal reducers are 

not satisfactory for the radiometer, but prove to be satisfactory for a 25mm 

F/5 to F/12.8 input beam, as in the photometer of chapter 7, where a 

cryostat was used together with interference filters. The system of figures 

F2.17 or 2.19 may then be used to give a reduced field focus, or those 

of F2.18 or F2.20 may be used to give a reduced objective focus. 
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The systems used in the two infrared radiome ters, with 

uncooled detectors, to be discussed in chapters 3 and 4, are those of 

the spherical mirror with prime focus, F2A6, and the simple lens,F2.02, 

respectively; the latter was latey adapted to the simple focal reducer of 

F2.14 for use with a phoLomultiplier. The system used for the infrared 

photometer of chapter 5 	was that of the fecal reducer with collimated 

beam, figure F2.18, later modified to F2.19; however the system of F2.20 

is considered to be preferable and a worthwhile future modification. 

2.06 	Related work on focal reduction systems (included here for convenience) 

A detailed survey of focal reduction systems has been undertaken as 

a project, now concluded, at R.O.E. for the proposed A .A. T. multi-object 

spectrograph. An extensive reference list, R2.01 to R2.15, is provided 

here for further reading on the design of focal reduction systems 

and spectrograph cameras. 

A full historical review of the subject cf focal reduction systems 

is given in chapter 2 of "A ..A . T. Multi-Object Spectrometer project" : 

Design Study Report, ROE 1974, C. J.B.(R2.16). Tn this case, the fr..,cal 

reduction system was to reduce a 185mm field at the F/8 Ritchey Chretien 

focus of the A .A. T. to at 35mm field reduced image with 30p resolution, 

to be accommodated by the photocathode of an image tube; the system was to 

include a collimated beam co^taining a 125mm diameter objective aperture 

stop followed by a dispersive element of ones choice ( normally a 600 line/mm 
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transmission diffraction grating). In the 'A .A . T. Multi-Object Spectrometer 

design specification', ROE 1974, C. J.B. (R2.171 a system was proposed 

using a field lens, Tessar type collimator, and Wynne Schmidt-Cassegrain 

camera. Contracted work to Grubb Parsons and Professor C. Wynne produced 

a final practical system as described in the Grubb Parsons 'Multi-Object 

Spectrometer design study report I and 	(R2.18, R2. 19), mostly achieving 12M  

sfaitaL resolution from X 0.3711 to X 0.5012 wavelength range,with a standard 

spectral resolution of 10 X, with a 20 arcmin field on the A.A.T. and a 1 hour 

exposure magnitude limit of m18.5 to m19; it would be used with a focal plane mask 

with 1 arc sec apertures to remove the sky background light. The 

instrument would have various uses, but was principally designed for 

simultaneous spectrography of feint clusters of galaxies. 
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CHAPTER 3  

	

3. 	Grid light modulators and the first radiometer. 

Contents: 

	

3. 01 	Modulation system: the requirements and some possible methods. 

	

3.02 	A tuning fork chopper. 

	

3. 03 	Moire grid modulation systems. 

	

3.04 	Resonant systems producing parallel armature motion: frequency 

and power functions. 

(a) free ended spring cantilever, (b) two constrained but not 

clamped cantilevers, motion about centre, (c) two clamped 

cantilevers, motion about centre. 

	

3.05 	Resonant systems producing parallel motion: relative advantages. 

	

3. 06 	The clamped spring cantilever system of the first radiometer. 

	

3.07 	(a) The general layout of the radiometer, (b) The wavelength response. 

	

3. 08 	The radiometer electronic circuits. 

(a) signal channel, (b) reference channel, (c) drive circuits, 

(d) artificial source. 

	

3. 09 	Tests and modifications to the radiomc:er. 
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GRID LIGHT MODULATORS AND THE FIRST RADIOMETER 

3. 01 	Modulation systems: the requirements and some methods 

The first radiometer WaS basedon the optical configuration shown 

in figure F2. 01, using the prime focus of a 91mm diameter spherical mirror 

at F/0. 9. A 20mm square PbS plate detector was to be used at.the prime 

focus, mounted on the face of a 26mm diameter cylinder containing a bias 

resistor and preamplifier identical to that proposed for the F.C.M.I. output. 

Manufacturer's data on the PbS detector showed the optimum signal/noise 

to be at a carrier frequency of 400Hz at room temperature. The requirement 

was then for a modulation unit capable of chopping at least a 25mm field 

at 400Hz such that the detector may see alternately the source and a blank 

reference at this carrier frequency. 

There are several methods of achieving alternate transmission and 

a bsorption of light over a large field (R3.01). The obvious choice of a 

rapidly rotating disc containing equi-spaced holes (R3.04) was temporarily 

avoided, as it was feared that without particularly good isolation it would 

give rise to unacceptable vibiation or the 	table; such a rotating disc 

radiometer was in fact built as described in chapter 5. A possible 

alternative would have been a Ke..r cell system, but the expected transmission 

and efficiency was not considered sufficient (R3.02, R3.04 and R3. 05). This 

chapter is concerned with vibrating vaneand grid systems to give the 

required 100% modulation of the 26mm field at 400Hz. 
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3.02 	A tuning fbrk chopper 

A commercial 'Accutron tuning-fork' mounted with 4mm wide 

x 10mm long vanes was set up covering the face of a 20mm PbS detector and 

was used in some trials at the focus of the optical mirror arrangement of 

F2.01, but was found unsatisfactory for several reasons: 

The maximum relative tine motion amplitude gave approximately 

an 2mm maximum tine separation gap, and the times when closed did not 

cover the detector, (the diameter of the light beam clear of the detector 

in F2.01 was at least 2.6mm); the tine motion was accurate, leading 

to a non-parallel sided gap; the angle between the waves varied according 

to wave separation. The fork was driven by a small amplifier and solenoid 

arrangement; the drive signal was obtained from a magnetic pick-up coil 

close to one of the tines, hence the fork was driven in resonance and 

was self-stabilising in amplitude. Little vibration was transmitted from 

the fork assembly; the fork assembly, and also the detector assembly were 

mounted by a cross system of tension wires to a frame, which effectively 

eliminated acoustic pick-up at the detector and also vibration on the base 

plate. 

Several modifications to the wave shape and tine drive system were 

attempted all in order to increase the tine amplitude and increase the 

effective radius of the arcuate motion; none of these attempts proved 

successful and the system was finally abandoned. 



                       

                      

                      

         

1 

            

                 

       

1 

i 

         

                

                

                

                

                 

                 

                 

      

II 	 

          

                

                

           

I 

   

              

              

4-10 
;IC• 

movem 

F. 3.0 1 MOIRE GRID PARAMETERS 



34 

3.03 	Moire grid modulation systems  

Light chopping over large apertures may be performed with small 

amplitudes by the use of two identical Moire grids. The grids are super-

imposed with the grids parallel, then the relative grid displacement required 

to produce maximum change in the integrated light transmission through the 

grids is just one half grid spacing. A study was made of the effect of 

non-parallel and also curved grids, vibrated with non-sinusoidal periodic 

waveforms. Figure F3.01 shows an enlargement of a section of a Moire 

grid; in a general case, the grids will not be precisely parallel. It can 

be shown that slight tilt of the grids produces a reduction in the maximum 

possible transmission amplitude by an amount tan  
2a 

where te is the 

tilt angle. When the two grids are coincident, then the transmission takes 

a maximum corresponding to a 50% light obscuration by the coinciding grids . 

The maximum obscuration is for the two (1:1, a = b) grids to lie between each 

other, transmission then being zero; the displacement necessary for this 

is one half grid spacing, (a), implying that the equilibrium position for a 

periodic motion must be that to produce 50% overlap (i.e. the transmission 

gap is then 2 —
a ). Any departure from this condition, such as the amplitude 

of maximum displacement exceeding 'a' or the mean position xo, 	a , 

will result in the generation of a second harmonic term in the transmission 

waveform. For example, if the equilibrium mean position were xo = 0, 

(grids coincident), then a sinusoidal displacement of total amplitude 'a' will 

give rise to a 50% decrease in modulation amplitude of the light, 
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with modulation at twice the drive frequency. Second harmonic of 

the carrier frequency is rejected by the synchronous rectifier, and so 

amounts to a loss of signal. It is clear that the setting up condition of 

such a Moir‘ grid, and the displacement motion amplitude, are particularly 

critical. A Moire grid as described, can be used to modulate light 

over a large field area, with only a small displacement motion. The 

amplitude of motion required is given by the grid spacing; a very fine 

grid spacing requires a similarly small amplitude of motion but 

requires great care in setting up. A 0.25mm broad grid line with 0.5mm 

spacing was selected for the 26mm field, and the grid and its replica 

was constructed as a high contrast photographic negative reduction of an 

1:1 mark-space ink line grid. Then a 0.25mm relative grid displacement 

would produce the maximum 50% light modulation; however, for 5% 

repeatability, the vibration amplitude and mean grid position would have 

to be stable to 12 pt . An additional problem arises from the high F 

convergence of the optical beam from the mirror of figure F2.01; this 

will lead to indefinite shadowing of the first grid onto its replica, unless 

the two grids are effectively in the same place. The photographic negative 

grids, used in the radiometei to be described presented noticeable attenuation 

of light from the two layers of negative emulsion in excess of the inevitable 

50% light loss from the grids themselves. 
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3.04 	Resonant systems producing parallel armature motion  

In order to obtain intensity modulation of a radiation beam with 

a Moirg grid, some suitable means of constrained linear vibration must 

be found. This section discusses some possible mechanical arrangements 

to produce this required constrained motion. Any departure of such 

motion from linearity will produce misalignment of the grids with a 

consequent introduction of harmonics into the modulation profile; resonant 

systems are considered preferable to non-resonant systems in order to 

meet the otherwise large power requirement for an amplitude of the order 

of 0.3mm at the detector optimum operating frequency of 400Hz. 

Frequency and power function  

A comparison is here made of three spring cantilever arrangements 

as shown in figures F3.01 and F3.03, with a view to their relative power 

consumptions. 

(a) 	Free ended spring cantilever of F3.02 

Consider a single spring cantilever as in F3.02, with length I 

thickness h, width b and spring mass m, load mass M displaced by x from 

equilibrium. 

The force F to give a displacement y of the free end of two cantilevers 

is 	F..= 2 (3 E I) 
• 

t3 E3.01 
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For a simple harmonic motion: 

E x 	= 0 	 3.03  

where k 

and f = 

F 

1 
w 	1 
271' 	rTf 

E 3.04 

E3.05 

f power p = 
Q 
 Fdx 	 E 3.06 

A 
From E3.01, E. 302, E3.06 for S. .1-1. M. p = -(5 f kx2  

2 

2 	 A 

Then from E3.05 p= 2 	f 3 x 
 2 

Q 

E3.07 

E3.08 

In the case of F3.02 

2 (3E bh3) Eb(h) 
I l l 

E3.01, E3.02 and E3.04 k = 	= 
12 13 	2 

2 	, 2 	2 The inertial mass rrt = -3- m , 2 
+ ML  = —3 m + M 

l 2  

3 
E3.09 

E3.10 

where 1. is the radius of giration 

Then from E3.05 	f 
i 	34.  

1 (Eb)2 (Ii 
= 27r 22 	l'i 

(m + 2ny3) 

E3.11 
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and from E3. 08, E3. 09 

2112 A 
P = 	(M+1m) f3 X 

2 
3 E3.12 

(b) 	Two constrained but not clamped cantilevers, motion about centre 

This may represent F3.03 where the upper pivots are 

not tightly clamped. 

The inertial mass of half the armature about the centre is 

2 	2 2  ( m 1 	M 7  _ m M 
4 	2 	4 - 3

+ 
 2 E3.13 

The force for the two halves is then 

3Eb 	8 Eb in3 E3.14 F = 2 x 2 x 	(. )3. 	= 
12 

 t 

and 

	

k = 8 Eb( 1-2
) 3 	 E3.15 

Then from E3. 05 

f 22 	(E 	(h) 
n 	2 I I, m)2  3 

E3.16 

and from E3. 08 



Ehb x X F2 	4 	 = 2 Ehb (I 
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2 	 3 E3.22 

39 

(c) 	Two clamped cantilevers, motion about centre 

These may be represented by, F3.04 with both ends clamped. 

The force constant from the accurate motion is as in E 3.15. 

k1  = 8 Eb ( h) 3 	
E3.18 

But there is an additional term due to tension produced in the 

spring. 

. The tensional spring 

E hb 16 t/2 

force from one 

, 

is then: 

2 1  + 	)2  - 1) 

+ x2,1_ 

half spring is 

21 x 
I 

EhB x (.1 - (1 + 2 2)52  

E3.19 

E3.20 

E3.21 

1./1. 

and 

horizontal tensional force 

/ k (1 y Ehb 	1 
(1

2
+X

2 

Then the total tensional horizontal force is 
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8 -h 3  
) x 	

3 8Eb f Then F = 	 + 2 Ehb (I) 

1 x 
= 8Eb (11 3 (1 +71(r)2  ) E3.23 

The equation of motion is 

x + 8Eb / 	 t 
( 113 x  + 2 Ebh Pc) 	= 0 

i 3 

(M + —2 m) 3 

+ 8Eb ( 11)3  1 + 
1 	4h2  

+ —3 m
) 

= 0 	 E3.24 

This contains higher harmonics but has a fundamental frequency 

f = —1 	(Eb)2  / h 
2-  

0 7r 	(M +-2 m )-2  3 

E3.25 

and 

The power p = f 
0 

Q 

A 
-r 

F XdX 

A 
f X 

	

= 0 	f 2  47t2  (M +-2 m) (1 + --2 ) X dx 

	

Q 	0 	
3 4h2  

3 )1? 2 	A 2 
then 	p = fo 2 7T 2 (M +-2 m) (1 + 3 1.1 

E3.26 
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Summary TableT3.1 

a 
Free cantilever 	Constrained 

cantilever 
Clamped cantilever 

3 Eb 1111 
2 It/ 

1 
8 Eb (1t) 3 
	

8 Eb 111- 13 (1 1-  4 ( h )2)  

(Eb)(14) )4 	21(Eb)1  (!tdN 	21  (Eb)i PIM  
J- 	2 	m(m _f _rn2 )2 	(M +3m)2  2M22(M+— m) 3 	 3 	 3 

2 	3A2 2n2 (M +-3 m) f x 
Q 

2 	2 	3A2 211 (M +—m)f 3 
2 	2 271 (M +—m) 3 (1 +.1- 

8 
3- 2 )f 

k 

f 
0 

p 

relative (1) for same f 

relative k for same f 

relative p for same f, 
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3.03 	Resonant systems producing parallel motion: relative advantages  

The first and second systems discussed (a, b) are not linearly 

constrained; unlike the third system (c), in that they have arcuate motion 

in the vertical plane as shown, but have a smaller power rating for a given 

amplitude and less harmonic content in the motion than that of system 

For small amplitudes. the arcuate motion is slight, but at a high-frequency 

resonance such as 400Hz. the spring thickness must be comparatively large 

so as to permit resonance with long spring lengths, thus maximising the 

arc radius. 

The third system discussed ensures parallel linear motion of the 

grids, (the motion is constrained to a vibration along a straight line). 

In order to produce a comparable deflection,as in the first system, the 

tensional strain forces in the springs will be significant (see table T3.1),. 

due to the necessary stretching of the springs where both ends on the springs 

are clamped; this also leads to a vibration of high harmonic content. 

In the event of one of the ends of each spring being constrained but not 

clamped, as in b, the strain forces are reduced and hence the harmonic 

content is lowered, but the motion is no longer linear. Concerning 

vibration to the supporting framework, it was considered that as the double-

clamped end system'c'is symmetrical, and the line of symmetry is along 

the axis of vibration, then this system, when balanced along the axis by a 

similar one in a ntiphase, gives the least transmitted vibrations  provided 

the displacement is very small, i.e. ( 	< h). 
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3.06 	The clamped spring cantilever system of the first radiometer 

The design selected for the radiometer was based on systemIS or 

' c' depending on whether the spring ends were to be clamped or just constrained. 

Two solenoids were used to drive the two resonant systems shown in figures 

F3.05a, F3.05, and photograph P3.1; each solenoid was supported between 

two parallel frames which also carried the spring clamps. The separation 

of the frames could be adjusted by sliding them on the steel rods running 

into holes in the frames. The framework was made of aluminium and the 

spring clamp jaws of brass, while the springs were made of 0.5" x 15 thou. 

spring steel; the frames were separated by about 2cm with a similar 

but lighter frame clamped midway, supporting an armature to the grid 

frame. The solenoid was attached to the centre frame close to the plane 

of the front two of the four supporting springs. The two opposed resonant 

systems were rigidly connected by an extension of the clamping frames, 

and the armatures projected across the optical beam in 600, 1200,   600, and 

1200  orientatioh, see F3.05a and P3. 1. The grid support frame ring was 

about 30mm in diameter and cut away such that the ring of one vibrator 

armature fitted in the siot of the other armature to maintain coplanar 

centres of mass for the two vibrators. 	The general scale and extent 

of ti,e armatures of the system was dictated by the available space and 

size of the optical beam. Small counter-weights were fitted at the opposite 

ends of the armatures to the grid supports, and one of these weights was 

fitted with a 5mm square grid and duplicate grid fixed to the outer supporting 
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frame, for use in the reference channel detection system. 

3.07 	(a)- The general layout of the radiometer 

The optical layout was dictated by the limited available space 

between the wall of the observing room and the focal plane of the 40" F/5 

telescope at Silwood Park Ascot, arranged as previously discussed and 

given in figure F2.01. The focal plane was to form the entrance pupil of 

the F.C. M. I. , and so the whole photometer had to be confined to a 330mm 

gap between the telescope observing room wall and the F. C. M.I. table. 

In order to accommodate the same field as the .F:C.M.1:; the field stop 

of the photometer was 1°, or 92mm, at F/5, and reduced onto the detector 

of 20mm square. As previously discussed, the design most suited for a 

very limited space, where self-obscuration is not of prime importance, 
• 

is that of a parabolic mirror. In this case a spherical mirror was used, 

with-a radius of curvature of 83mm and a diameter of 92mm. A beam splitter 

was placed diagonally in the main beam to reflect some of the incident 

light through 900  clear of the main beam. It was necessary to place the 

diagonal flat as far up the beam as space would allow, such that the reflected 

focal plane was as far from the main beam as possible; the flat was thus 

rather large, but gave sufficient clearance from the focal plane to allow 

room for the above spherical.  mirror and a further 30mm clearance after 

the reduced image. The spherical mirror was placed in the focal plane, 

such that the reduced image was that of the telescope primary mirror; the 
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resultant focal ratio was then F/0.9. By arranging the grid supports 

and detector supports radially, the obscuration produced by the struts 

is minimised (essentially self-obscuration). The 26mm diameter, 0.25mm 

pitch grids were mounted just before the detector with the two sets of 

grids in close cuntact so as to minimise scale change effects from the 

highly convergent beam. The mirror cell holder was designed to be 

fairly rigid and also to support the four horizontal rods holding and locating 

the whole vibrator supporting frame; the vibrator frame and grid position 

could thus be easily adjusted along the optical path. 

All optical components were screwed down onto a base plate, but 

due to the limited width of this plate, the vibrator system had to be mount ed 

in a vertical plane, with one vibrator assembly projecting underneath the 

base plate. 	The beamsplitter frame was designed for easy adjustment 

of tilt and rotation, and easy removal of the mirror. An eyepiece was placed 

in the focal plane on axis of the main beam; the detector was supported on 

a block of Tufnol mounted on the end of an aluminium cylinder, supported 

by two sets of four radial wires in tension, thus minimising acoustic 

vibration transmitted Lo the detector. 

The wavelength response 

A Kodak gelatine red filter was placed between the grids and the 

detector, limiting the wavelength response in the visible to a minimum wave-

length of X0.7512; no other filters were used as the radiometer was required 
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as much as possible to simulate the wavelength response of the F.C.M.I.; 

besides this, the F ratio of the reduced image excluded the use of inter-

ference filters. The sensitivity of the plate detectors reaches a maximum 

at aboutX212 and falls dramatically after X2.411; the acetate base of the photo-

graphic film, like glass, limits the transmission response to about X2.5A. 

3.08 	The Radiometer electronic circuits  

An experimental circuit was built, as given in the block diagram 

F3.06; this is conveniently broken down into a signal channel, reference 

channel and drive unit; the circuit details were modified over a per!od of 

time, and the final version is discussed in detail in chapters 6 and 7. 

(a) Signal channel  

The detector bias battery was of a symmetrical earth design with 

switched attenuators such that the normal voltage level of the detector-bias 

resistor junction was close to zero. 	The preamplifier mounted close to 

the detector was A.C.coupled to this junction, and was of a simple F.E.T. 

follower design followed by a X10 voltage gain stage to drive the line to 

the main amplifiers. The main amplifier had a common mode rejection 

input, switched preset gain, and several experimental filters for rejecting 

mains hum and selected harmonics of the carrier frequency. 

(b) References chaanel 

The original photo transistor output signal was amplified and 

filtered in the first reference channel stage; a duplicate optional Q band 
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pass filter to that in the signal channel maintained the relative phase 

relation between the signal channel. Two phase shifters, one coarse and 

one fine, were used to adjust the two channels to the same phase; several 

operational amplifier designs wire tried but that finally selected used a 

single transistor, (see chapter 6). This was followed by a drive amplifier 

and a Schmitt trigger (later abandoned) then a phase splitter to two drive 

amplifiers. Rectification was achieved with a standard synchronous 

rectifier circuit switched by the reference drive amplifiers. Several 

synchronous rectifier designs were tried and compared for their relative 

suppression of random noise and side bands; the one finally selected is 

discussed in chapter 6; a range of time constants was provided in steps 

of X10 up to 100 seconds. The D,C.output signal was usually monitored 

with a meter and chart recorder. 

(c) Drive Circuits 

A low frequency oscillator was built,.together with a power amplifier, 

to drive the two loudspeaker electromagnets at 400Hz. it was later found 

necessary to provide a preset power amplifier gain setting and a fine frequency 

control on the oscillator. 	The loudspeaker coils were wired electrically 

in parallel and jn phase, but were geometrically opposed when located in 

the vibrator frame. 

(d) Artificial source 

For test purposes, it was found necessary to build a small artificial 

staz consisting of a small bulb and tapered light pipe, placed in front of the 

field lens and powered from a stabilised supply. 
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3. 09 	Testc and modificat ions to the radiometer  

The spring clamp frames were adjusted to be parallel and the 

armature made to lie midway between the two frames; this was achieved 

by inserting a pair of identical spacer blocks in the spring gaps during 

tightening of the clamp screws. 

On application of the drive voltage to the electromagnets, it was 

soon established that the resonance was about 15% lower than that predicted 

(400Hz); this was corrected by iterative reduction of the resonance gap (or 

effective spring length). The resonances were found to have a high Q, 

and the two armatures had noticeably different resonance frequencies, such 

that for a given power the amplitude of motion of the two armatures differed 

by several fold, and the slightest change in temperature such as that produced 

by vibration energy dissipation, or any sign of metal fatigue, would produce 

a large relative amplitude change from the rapidly changing phase function 

of resonance. It was also found difficult to preserve the positional 

stability of the grids to the required 1211 accuracy. Relative amplitude 

change effects produced by high Q phase shifts 	may be eliminated by 

clamping one grid armature and only allowing the other one to move; the 

maximum resultant amplitude is then halved, which in the case studied 

Droved insufficient amplitude for an efficient modulation, even with maximum 

power delivery. A finer grid pitch spacing would hive overcome this 

problem, but this would require a corresponding increase in positional 

accuracy. 



48 

Some considerable pickup interference was noticed on the 

detector when the drive was on; it was found that this could be reduced 

by screening the detector with a horizontal coarse earthed wire grid, 

and it could be effectively eliminated by application of a small voltage to 

the Moir‘ grid armature, with respect to the earthed base plate. 

The overall maximum transmission for the grid was considerably 

less than the expected maximum of 50%, due to attenuation by the two layers 

of negative emulsion; and as a result of this, and the effects of metal fatigue 

and amplitude and phase stability, this mode of chopping was finally abandoned 

in favour of the traditional disc method. 

A list of references for light modulation techniques is given. 



References for Chapter 3  

	

R3.1 	Ellis, Band, Walton, A . K. 'Optical .Modtilators., a Survey of 
the Literature'. 

	

R3.2 	Cranemeyer, D.C. and Spanberger, L.R. I.R.``Transmittance 
+ Kerr Effect of nitrobenzene.' J. Opt. Soc. Am (1961) 51, 1u61 

	

R3.3 	Keith, K. H. and Jones, O.C. 'The modulation of light at 
extreme frequencies'. J.S. Ins. (1965), 42, 729 

	

R3.4 	Baybulator, K. M. 'Modulation of light beams of annular section'. 
Soviet J. apt. Tech. (1969), 36, 672 

	

R3.5 	Moss, T.S. 'Methods of modulating infrared beams - a comparison 
of solid state systems. J. Infra. Phys. (1962), 2, 129 



CHAPTER 4  

4. 	The disc-chopper near-infrared radiometer and photometer. 

Contents: 

4. 01 	Design of the first disc and motor housing. 

• 4. 02 	Operation of the disc-chopper radiometer. 

4. 03 	Cryostat design for the disc-chopper radiometer. 

4. 04 	Changes to the optical arrangement. 

4.05 	Changes to the disc-chopper, disc-detector and mounting flange. 

4. 06 	Operation of the second disc-radiometer/photometer. 

4.07 	The case for two instruments. 

4.08 	A two-fold program of nebular photometrj. 

4.09 	The construction of a red to infrared wide-field photometer. 

4.10 	Operation of the [SII] filter photometer. 

4. 11 	Adaptation of an 'Oxford Instruments' photomultiplier cooler for 

use as a cryostat for the infrared photometer. 
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THE DISC-CHOPPER NEAR-INFRARED RADIOMETER AND 

PHOTOMETER 

4. 01 	Design of the first disc and motor housing  

The optical arrangement of the grid radiometer as previously 

described cannot be used with a disc chopper arrangement, as the 

obscuration from the disc would effectively block out half of the input beam; 

after considering the various alternatives of F2. 02 to F2.05 and F2.07, 

F2.08, it was decided to build a simple lens arrangement of F2.01, where 

the beam splitter was replaced by an aluminised flat, and the plane of the 

disc was placed just before the objective image. A base was built around 

the base plate, with a large mains-powered motor housed above the optic 

axis. The disc was about 230mm in diameter with 35mm diameter holes (8) 

at 70mm intervals; the disc should ideally rotate at 3500 r.p.m., but in 

practice would only achieve 2000 r. p.m. ,with a corresponding reduction 

in modulation frequency. 

The 20mm PbS plate detector was mounted on the end face of a 

short cylinder located by rubber anti-vibration mountings to an outer 

concentric cylinder, which in turn projected from the end wail of the 

radiometer box. 	A F. E. T. preamplifier was mounted on the back of 

this detector housing, also containing the necessary bias resistor arrange-

ment, while the bias battery box.  and amplifier boxes were connected by 

long cables. A phototransistor and light source were used as before for 

detection of the disc hole positions and for operation of the reference switching 

of the synchronous rectifier. 
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4. 02 	Operation of the disc-chopper radiometer 

This system was operated on the Silwood Park 40" flux collector, 

from which it was shown that bright astronomical infrared sources such 

as planets could be detected up to xl. 3* as defined with an A .D. P. 1. 35g 

rolloff filter, beyond which thermal drift from the reference disc and rapid 

emission fluctuations dominated, see figure Fl. 03. 	The near infrared 

scattering function of atmospheric water vapour was confirmed, where the 

moon provided a convenient source. 

4. 03 	Cryostat design for the disc-chopper radiometer 

In order to increase the sensitivity of the detector, it was decided 

to build a cryostat capable of accommodating the 25mm F/0.9 beam. The 

cryostat consisted of a glass dewar mounted in a Lrass vacuum jacket, with 

a 27mm diameter optical window, as shown in figure F4.01; the detector 

mounting block was made of high conductivity copper in two parts, such 

that the detector mounting flange could be unscrewed from the remaining head. 

The 20mm square detector was not suitable for cooling, and was 

replaced with a 5mm square cooled type, cemented onto the detector flange 

with low temperature 'araldite'. 	A bias resistor was fixed to the 

reverse side of the copper head flange, connected to the detector via 

feed-throughs; the biasing arrangement was supplied from a bias battery, 

connected, together with the preamplifier, via more feed-througus in the end 

vacuum flange. 
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4.04 	Changes to optical arrangement 

In view of the sixteen fold reduction in detector area, it was 

decided to image the field onto the detector, thereby reducing the field of 

view from 0o 
to 15 arcmins, but maintaining the throughput at the objective 

image; the optical arrangement was thus modified to that of figure F2.4 by 

placing a 25mm diameter F..' F/1 lens at the objective image plane, and 

moving the detector plane back some 30mm. 

	

4. 05 	Changes to the disc-chopper, disc detector, and mounting flange  

The additional 30mm of optical path• and reduced field of view 

suggested that the instrument could also be used as a wide-field photometer. 

It was therefore decided that the new cryostat mounting flange should include 

a filter slide holder, and that the additional objective lens should also be 

mounted on a slide in this slide holder space. The original disc and 

motor were replaced with a smaller three hole disc and 25mm diameter 

high speed motor mounted in a cavity in the new flange block as shown in 

figures F4. 02 and F4. 03; this disc and motor were cooled by forced air 

via an air exhaust pump, . where the air was made to flow from the photo-

meter box, over the disc, a nd then over the motor. It was hoped that this 

air cooling would help stabilise the thermal drift problem of the reference 

disc; and by the use of the small motor with good anti-vibration radial 

supports, the transmitted vibration would be reduced to a more acceptable 

level. The general layout of this radiometer/photometer was as shown in 
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figure F4. 03, for which the field lens was appropriately stopped down. 

The phototransistor disc detector was replaced by a capacitance detection 

system; two metal capacitor plates, electrically connected, were placed 

either side of the disc shown in figure F4. 02a and F4. 02b. Variation of the 

capacitance between the plates and the earthed motor disc was determined 

by means of a 450 Hz L-C 30v oscillator connected to the capacitor plates, 

in series with a 10K resistor, the modulated carrier voltage across the 

resistor was diode-rectified and filtered to leave just the amplified modulation 

voltage, which in turn was used as the reference signal. The double nature 

of the capacitance detection plates seen in figure F4. 02b considerably reduces 

the amplitude-modulation effect produced by 'disc wobble resonances '; the 

gap-width of one plate to earth changes covariantly with the other plate 

gap-width, but cancellation of gap-width variation is not complete as 

capacitance is an inverse function of gap-width. Radial edge slots were 

used in the disc as opposed to circular ones because of their relative 

improvement in signal transmission due to their symmetry with the blank 

areas of disc. 

4.06 	Operation of the second disc-radiometer/photometer 

This instrument was successfully used on the Silwood Park 40" 

flux collector. Thermal drift from the improved disc arrangement was 

found to be much reduced, but detection was still limited to X 1. 35p as 

determined with an A. D.P. roll-off filter, observed with the dry ice and acetone 

cooled PbS detector, beyond which local atmospheric thermal emission 

gave excessive noise readings (see reference R4.01); this confirms the 

expected sky emission curves as given in figure F1.03. 
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The increased system sensitivity in the near infrared achieved by 

cooling the detector balanced the decrease from the reduction in field of 

view, but some bright infrared stars were successfully detected. Much 

difficulty was experienced with the glass-metal seal of the detector head, 

which periodically shattered, spraying the dry ice and aceton coolant over 

the detector. 

4. 07 	The case for two instruments 

It was clear that the F. C. M. I. detection system would run into 

the same problems as that of the radiometer, and it was decided to continue 

with the development of the radiometer in its own right as a separate survey 

instrument, and adapt it to photometric use. 

No extended nebulous infrared sources were detected short of X 1. 3512, 

and none beyond this because of the atmospheric emission; it was thus 

decided that the instrument should be made adaptable for use 1) as a 

visible to very near-infrared very wide field photometer using a cooled 

near-infrared photomultiplier with an S11 or S20 photocathode for the study 

of nebulous [SII] emission and 2) as a wide-field infrared pliotometer for 

operation at the atmospheric windows of X 1.65p and X 2.2 pi. The design 

and construction of the infrared photometer using sky comparison chopping 

to eliminate sky background, is described in the following chapters. 



P4.1 
THE FILTER WHEEL AS USED WITH THE PHOTOMULTIPLIER FILTER 
PHOTOMETER 
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4. 08 	A two-fold program of nebular photometry 

Amongst the numerous papers by M. J. Seaton (see refs. R4. 01, 

R4.02) on nebular-line-ratio theoretical values and relations, he suggests 

that [S11]6717/[S11]6731  is a particularly good indicator of electron 

temperature, and is relatively insensitive to electron density, unlike most 

other line-ratios. [SII] emission has clearly shown up in several bright 

diffuse nebulae from measurements made with the Mock interferometer, 

when used on the 40" flux collector, and also has been studied by other 

authors (see refs. R4. 05 to R4.07); it was therefore decided to attempt 

to measure the [SII] line ratios at different points in the Orion nebula in 

order to establish an electron temperature distribution, and to compare the 

results with those by other authors using other lines, and also to follow 

this up with similar infrared measurements. 

4. 09 	The construction of a red to infrared wide-field photometer 

Two infrared sensitive photomultipliers were compared under 

optinmin conditions, when cooled in the photomultiplier cooler previously 

discussed. Of the two photomultipliers tested, an RCA 'Quanticon' C300E 

and a C31034, the C31034 had a relative signal-to-noise advantage of 40, 

but a rather restricted photocathode area (4mm x 10mm). 

A filter wheel as shown in photograph P4.1, was built to accommodate 

three 38mm diameter [SII] filters, one for each of the two [SII] nebula emission 

lines, (filters: X 0.67171c, A X 0.0022 p, and X 0.6731 p, 	X 0.0022 g ), and one 

to monitor the continuum between these lines, (X 0.6724p, A X 0.0022p) 

(see figure F4.05). This filter wheel could be placed either before the 
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field lens in the F/5 beam thereby restricting the field to 38mm (25 arcmins 

on the 40" flux collector), or after the field lens working with a field size 

determined by the photocathode, but with a more severe F ratio (depending 

on the field). This arrangemerit is shown hi figure F4.03; the electronic s 

used was that of the photometer but with a more appropriate photo multiplier 

preamplifier. 

It was principally with this light-sensitive system in mind that 

the disc phototransistor detection system was replaced with the capacitance 

detection system. It was also found necessary to light-seal the photometer 

box, and supply the entrance aperture to the photometer with a long horn 

baffle. 

4.10 	Operation of the [SII] filter photometer  

The [Sin filter photometer was successfully operated on the 40" 

flux collector, and data obtained of [SII]6717  and [Sil
]6731 intensities for 

the Orion nebula, M42, trapezuim region, with a 2 x 6 arcmin
2 

field. This 

data could not be related to the electron temperature without careful 

subtraction of the continuum intensity, as monitored with the third filter. 

The X 6717 A and X 6731 X filter profiles as shown in figure F.404 

are satisfactory in having little common overlap, while the 6724 X filter 

used for continuum measurements is 	unsatisfactory due to the excessive 

overlap of the wings with the two other filters. Data could not be satisfactorily 

interpreted for the continuum due to this particularly excessive overlap, 

and no other filter was available. 
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Problems were also experienced with the flux collector drive 

reliability and also in maintaining the required pointing accuracy of the 

flux collector six flat mirrors. 

The optical requirements of this photometer thus exceeded the 

specification of the available flux collector; upgrading the flux collector 

was considered, but it was decided that the time and effort involved would be 

more profitably spent on development of the infrared wide-field photometer 

in readiness for the following winter. The infrared photometer considered 

could be of modular construction, such that the filter and photomultiplier 

system could be replaced if required. Such an instrument would then be 

very versatile and could cover a wavelength range from visible wavelengths 

out to the X 1.4 atmospheric limit or the X 2.4 j2 glass absorption limit, 

with a field of view ideally suited for observation of nebulae, comets or 

possibly radio arcs. 

4.11 	Adaptation of an 'Oxford Instruments' photomultiplier cooler for 

use as a cryostat for the infrared photometer 

Several variations on the previously described cryostat were 

attempted, including replacing the glass dewar with a brass cylinder, all 

without much success; which lead to the construction of a replacement 

cryostat assembly. The 'Orford Instruments' photomultiplier cooler 

previously used with the'quanticon'tubes was adapted for use as a cryostat; 

a preamplifier was fixed to the valve plate, and .a brass cylinder, previously 

mentioned, inserted in the photomultiplier cooling jacket section; this brass 



P4.2 

THE DETECTOR MOUNTING FLANGE WITH INTERCHANGEABLE MOUNTS, AND THE BIAS NETWORK WITH FET. 
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cylinder was wrapped with brass shim to ensure a tight fit and consequent 

satisfactory thermal conduction path to the cooling jacket. One end of 

this cylinder_ was sealed off and mounted with the copper detector head 

unit as before with interchangeable detector mounts, now fitted with a 

rigid terminal ring tag array on which a bias resistor and the first pre- 

amplifier F.E. T. follower stage were mounted (see photograph P4.2). 

The vacuum vessel was fitted with a 38mm diameter window and 

the detector head flange could be positioned about 10 milimeters back from 

this window, which allowed the rapidly converging 5mm diameter photometer/ 

radiometer beam to be accommodated. Unfortunately, the photomultiplier 

window was recessed from the cryostat bolting flange, which prevented the 

detector being correctly located at the reduced field focus; the cryostat was 

thus modified with a smaller window and short 6mm diameter light pipe 

to reflect the light from the focal plane just inside the window to the 

detector plane, with a slight consequent loss of light (0.75 transmission 

at ( X 2.2p ). 

This cryostat was capable of satisfactory performance up to the 

X 2.4 p, glass absorption band; the wavelength detection limit was in practice 

determined by the atmospheric thermal opacity to X 1.3p, when disc chopping. 

The further development of this equipment to operate at longer wavelengths 

is described in the following chapters. 
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Key to figures F5.09, F5. 10,(and 5.04 - 5.11) 

a 	Field lens scanning pre-focal stop 

b 	Field lens and telescope focal plane 

c 	Sliding mirror module first diagonal flat 

d Sky comparison vibrating spherical mirror and objective focus 

e Optional iris stop 

Optional filter slide 

g Field twin spherical mirror 

Field iris stop 

h Second sliding mirror moduie diagonal flat, with three preset 

locations hl, h2, and h3 

k 	Chopper-disc and detection plates 

L 	Collimator compound lens 

m 	Filter holder and slide 

Objective stop 

n Reduction lens 

p 	Cryostat window 

q Cryostat light pipe 

✓ Detector and mounting 172ad 

t 	Reference lamp field widening lens slide 

Viewing eyepiece field stop 

✓ Viewing eyepiece (replaced with reference lamp in F5. 06 to F5. 08) 
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THE DESIGN AND CONSTRUCTION OF TWO SKY-COMPARISON 

SYSTEMS FOR THE INFRARED PHOTOMETER, AND SOME 

OBSERVATIONS MADE WITH THE SECOND SYSTEM 

5. 01 	Introduction: a discussion on sky-comparison techniques  

The need for a sky-comparison system for detection of astronomical 

sources beyond A 1. 3p was demonstrated in chapter 4. Two such systems 

were visualised, designed and constructed simultaneously; both systems 

are in modular form and are bolted into the photometer box shown in 

figure F4. 04 as alternatives to the field lens and filter wheel arrangement 

of F4.04; however the disc, motor and filter slide arrangement remain 

unaltered. 

The conventional method for sky-comparison is to vibrate the 

telescope secondary, or if this is not possible, then to vibrate the diagonal 

pre-focal flat, in the photometer along its normal. This produces a serious 

defocusing affect, and is not successful where a throw of 25mm is required. 

Some thought was given to possible systems using a mirrored rotating disc 

as diagonal flat, possibly with holes and a back mirror, or just a system 

of alternating displaced mirrors on a disc. It was decided that such 

arrangements would produce serious defocusing effects, and that it would 

be more profitable to consider pivoted mirror arrangements whereby light 

lever amplification might be employed. 
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THE PARALLEL PIVOTED MIRROR SKY COMPARISON SYSTEM, SEEN FROM THE FIELD-STOP SIDE 
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5.02 	The basic optical system 

It was decided that the system should be designed for use on any 

telescope operating around F/5 to F/10 at a Ritchey-Cretien or Cassegrain 

focus, and with a field restricted to 25mm of focal plane. These conditions 

enabled some improvements to ha made to the optical arrangement of F2.14, 

such that infrared narrow-band interference filters could be used,without 

excessive band-width broadening and shifts. The system of F2.14 was 

therefore changed to that of F2.17, with the final reduced field plane, as 

before, coincident with the entrance aperture of the cryostat light pipe; 

the original field lens was replaced by a better quality lens of 65mm diameter 

and again 128mm length; the collimator lens was placed just before the filter 

slide holder. 

	

5.03 	The parallel mirror system  

The fixed mirror Si of F4.04 (which replaced the beam splitter 

of the original radiometer in F2.01), was replaced by a frame,with steel 

ball and socket pivots, such that this frame could execute small oscillations 

about a vertical line through the mirror frame. The aluminised face of 

the mirror, placed in this pivuted frame,was arranged to be flush with 

the pivot axis, such that incident pre-focal, converging radiation from a 

telescope would be reflected through 90°  + twice the tilt angle of the mirror; 

this arrangement can be seen in figure F5.01. The reflected beam is 
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then reflected through-90°  by a second similar pivoted mirror to bring 

the radiation to a focus on the newly located field lens (see photograph P5.1); 

the optical system of F2.17 was duplicated along this axis, with a similar 

filter slide holder and cryostat mounting flange at E3. The two pivoted 

mirrors were mechanically linked by ball-ended, adjustable length, push 

rods, held in position by compression,transmitted through the pivoted 

frames (this arrangement forms a parallelogram of forces). Two spring- 

loaded solenoids, with lever linkages, one to each of the frames, provided 

the necessary driving force, and the solenoids were driven in resonance 

via a step-up transformer from a power amplifier and 30Hz oscillator. 

The second mirror takes out the beam tilt produced by the first mirror, 

but leaves the displacement produced by the mirror separation; the field 

lens thus receives radiation from alternating fields produced by the transverse 

displacement of the incident beam. 

Displacement amplitude was limited to only 5mm at 30Hz on 

maximum drive power; however this could be increased by further separating 

the two pivoted mirrors; the displacement is proportional to the separation. 

In this case it was nor possible to increase this mirror separation due to 

the limited space available; the system, was very successful for up to 5mm 

displacement , but was not considered to meet the requirements of wide 

field scanning. 
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5.04 	Reference lamp for the parallel mirror system 

The lid of the photometer box was provided with a turntable 

including two reference tungsten lamps; either of these, when located over 

the entrance hole in the lid, would supply a convenient source for testing 

the system. The radiation was reflected in the box via a diagonal flat 

to the disc-chopper, behind which was placed a second adjustable tilted 

flat, mounted in the slide holder 'B'. This flat reflected the radiation back 

through the disc holes to a third flat (as shown in F5.09) just behind the 

second pivoted flat, thereby bringing this radiation onto the instrument 

optic axis. The field lens was equipped with an iris stop;  and a small 

pivoted diagonal flat could intersect the beam after the field lens to bring 

the field into view of an eyepiece mounted in the lid (labelled offset guide 

eyepiece in F5.02). 

	

5.05 	The double spherical mirror sky-comparison system general layout  

The optical module location in the photometer box can be seen in 

figure F5.03; the field lens is returned to its original location, with the 

optical system of F2.17 and cryostat attached at 'B'. A diagonal flat 

before the first focus, containing a 30mm x 90mm slot, was used to reflect 

that radiation not seen by the detector in the neighbouring fields, to a 

convenient focus on an illuminated grid. This focus was observed via a 

sliding diagonal flat from the offset guide eyepiece in the lid. 
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The principal beam,passing through the slot,could be sent 

directly through the lens system of F2.17 via the disc chopper to the 

cryostat,as shown in the vertical section diagram F5.04; or, by lowering 

a hinged mirror's'from location's 2'to location':sl'on the main mirror 

mod'.ile to be described, the light could be directed to the centering 

eyepiece (low power or high power) on the lid turntable of F5.02. (see 

figure F5.05). 

The mirror's 'is mounted on a slide such that it may be interchanged 

with a different flat arrangement as shown in F5.06. Here,one of the 

reference lamps is in place of the centering eyepiece, and its radiation 

is reflected by a mirror in location'h2'into the collimator, remaining 

optical system, and cryostat; a substitute field lens is seen under the 

lamp housing, but in order to cover a 25mm field, a field widening lens 

on a slide is positioned in the beam, as shown in figure F5.07. 

The arrangement also applies to the second reference lamp,as 

shown in figure F5.08. 

5.06 	The sky comparison optical system for the photometer  

The principal sky comparison mode arrangermnt is shown in 

figure F5.09; it was designed for operation at F/5, but the cryostat is 

limited to an F/8 telesLope beam,with the same lens arrangement as 

F5.08 etc., but with the three location pivoted mirror 'h' now located in location 
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'hi'. Radiation, restricted by the slot stop 'a', is brought to a focus on 

the field lens 'b'; thereafter it is reflected by diagonal flat 'c' to produce 

an image of the primary objective on the spherical mirror surface 'd'. 

This mirror, in a rigia frame, .screwed firmly to the base plate, is 
t 	I 

vibrated about its pivot points d' , d" about an axis across its face and in 

the plane of incidence; the radius of curvature of the mirror is equal 

to the focal distance of the field lens, hence the reflected sky-beam from 

this mirror is made to form an image of the field lens and field on the 

twin spherical mirror 'g'. Between 'd' and 'g', the beam may be restricted 

by a hinged iris stop, or filtered (filter slide'f), but these are not usually 

used. The field image formed on the cross wires of mirror 'g' appears 

displaced according to the tilt of mirror 'd', such that a total vibration 

of 1.2mm at the edge of mirror 'd' is sufficient to give a field lateral 

displacement amplitude of 25mm. Mirror 'g' is provided with an iris 

stop; adjustable from 26mm to 3mmdiameter, (access is via a hatch in 

the photometer box lid) and forms a fixed field stop. The reflected 

beam is then directed by the three position flat in location 'hi', to the 

collimator lens 'V, along the same path and to the same (but inverted) focus 

as that obtained without the mirrors 'c' and 'h' (see figure F5.04). In 

diagram F5.09, the optional disc-chopper is shown at 'k', and an inter-

ference filter 'm' is located in the collimated beam just before the aperture 

stop iris n' . The reduction lens 'n' produces a reduced field image just 

inside the cryostat window 'p', but the light pipe 'q' is not capable of accommodating 
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the full beam width for an F/5 objective stop; the detector is located at 'r'. 

Filter slides can be exchanged as before (the slide holder has been 
1 	I 

described previously), and the iris aperture stop n' is adjustable to 

suit the F ratio of the telescope. The cryostat window vacuum seals, 

designed and machined by the author, were found to be satisfactory, and 

no icing or misting up of the window was ever experienced. 

When mirror 'h' is located in position 'h3', the beamed radiation 

from field mirror 'g' is diverted to a focus, seen by the centering eyepiece 

Iv' on the lid turntable, such that the field image may be observed through 

the vibrating mirror system (see figure F5.10). 

This system was found to be very successful; image quality was 

particularly satisfactory (unnecessarily so), and the total light loss 

from the four mirrors involved was quite small (for the four mirrors, 

transmission at A. 1.65 u = 0.63, and at A 2.2 p = 0.70). The transmission 

figures were determined with a PbS detector, reference source, and the disc - 

chopper, with the multi-mirror slide in position (hi), as compared with 

the same removed. Alignment of the mirrors is fairly straightforward, 

but requires the initial assistance of a laser; all the mirrors are mounted 

with spring loaded three point adjustment; again the direct beam arrange-

ment was found to be useful as a reference for alignment. 

The sliding mirror module can be seen in photograph P5. 2, seen 

from the input side showing the fixed diagonal flat 'c '; photograph P5. 3 

shows the same unit from the reverse, where the three position flat 'h' 

can be seen, together with the central rods and location drum. 



P5.2 

THE MULTI-MIRROR SLIDING MODULE, SHOWING THE FIRST DIAGONAL FLAT OF THE UNIT 
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P5.3 
THE MULTI-MIRROR SLIDING MODULE, SHOWING THE THREE POSITION DIAGONAL FLAT 



P5.4 
THE MIRROR DRIVE LINKAGE SEEN FROM UNDER THE BASE 



P5®5 

THE DOUBLE SPHERICAL MIRROR SKY COMPARISON MODULE 
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A VIEW OF THE FIELD MIRROR CROSS WIRES SEEN VIA THE PRINCIPAL AXIS OF THE DOUBLE SPHERICAL 
MIRROR SKY COMPARISON MODULE 



65 

5. 07 	The mirror drive, linkage and general assembly 

The vibrating pivoted mirror was driven from a spring loaded 

solenoid as before; the solenoid pole piece was mounted on a screwed 

carriage for positional adjustment, and the solenoid armature was 

guided through a simple thrust baaring to a ball-pivoted arm connected 

to the mirror armature, as shown in photograph P5. 4. This solenoid 

was driven via a step up transformer at 30Hz, where the resonance of 

the spring was 201-lz; the solenoid was driven close to resonance, in order 

to maintain a good amplitude of motion with little power, but not at 

resonance, in order to maintain amplitude stability. A solenoid is normally 

a rectifying device; its armature is magnetically attracted for both half 

cycles of the drive current. The necessary repulsion action is provided 

by the spring, and the overall motion has a high harmonic content with a 

fundamental frequency of twice the drive frequency; magnetic hysteresis 

leads to alternate cycles of motion with different amplitudes. Much power 

is dissipated in magnetic hysteresis heating and in the high harmonics, 

and so this is not a satisfactory method of operation. 

This is all overcome by biasing the solenoid, in this case with 

100v bias; the drive current then modulates this bias current to produce 

a single-polarity magnetic field, modulated by the drive field. The solenoid arma- 

ture reaches an equilibrium with the permanent field by compression of 

the spring, and this net magnetic attraction varies at the drive frequency, 
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thus providing a motion, at the drive frequency, of a much lower harmonic 

content; the armature and mirror position could be offset by changing 

the bias current. A capacitor plate was fixed to the solenoid armature 

and a similar parallel plate to the base; the varying gap width gave rise 

to a capacitance variation, detected by the capacitance detection circuit 

of the reference channel. 

This system was found to give satisfactory sinusoidal amplitude 

of up to 0.8mm for the solenoid armature at 30Hz (corresponding to 25mm 

amplitude displacement in the telescope focal plane), for short periods of 

time at fixed orientation of the photometer. In practice, on the Ca.ssegrain 

focus of a telescope amplitude changes in the mirror motion were noticeable 

over a period of a few minutes, brought about partially by magnetic and 

frictional power dissipation heating in the solenoid, and partially from 
• 

changes in the orientation of the telescope (gravity force reorientation 

on the spring loaded solenoid armature). 

The double spherical mirror module assembly can be seen in 

photograph P5. 5, but here the solenoid has been replaced with a loudspeaker 

type drive unit; this drive unit was a later refinement, to be discussed in 

chapter 7, a nd not present in the instrument described at this stage. 

Photograpn P5. 6 shows a view of the central field mirror cross wires, as 

seen via the other mirrors, along the principal optic axis of the module, 

through the field lens; the grid system seen reflected in the prefocal-slotted 

diagonal flat is from the offset focal plane system. The mirror control 
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rods on the sliding module can be seen extending on the right hand side, 

while the alternate direct view mirror 's' can be seen projecting to the 

left; in this latter mode, the slide is relocated with the control rods then ex-

tended further to the right; the sliding mod.ule may be completely removed 

for storage etc. via a side hatch in the photometer box; the vibrating 

mirror unit is similarly accessible via another side hatch. 

5.08 	Preparation for use of this photometer on the R.O.E. 20" telescope  

The instrument, as described, was adapted for use on the 20" 

R. O.E. telescope at the Ritchey-Chr6tien F/8 Cassegrain focus. Most of 

the electronics was improved at about this time (1973 to 1974) and is 

discussed in detail in chapter 6. An adaptor plate was built for the photo- 

meter to interface with the telescope; unfortunately, the prefocal clearance 

necessary for the photometer and adaptor was 400mm, which was out of 

range for the telescope, and so some 20mm spacers were made up, to relocate 

the telescope secondary mirror in order to produce the required focus. 

Some small improvements to the cross wire illumination systems, and other 

small refinements to improve the ease of use of the instrument, were also 

carried out at this time. The F/8 telescope beam enabled all the radiation 

incident on the 25mm field to be accommodated by the cryostat light pipe 

and detector, but in practice only 13mm diameter interference filters 

were available, which further stopped-down the beam. Figure F5.11 shows 

the optical arrangement with the F/8 telescope beam. The cryostat was 

used as previously described, wirh an 'Infrared Industries' PbS detector 

of 5mm x 5mm area, type B3S.A8. 
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5.09 	Observations with the photometer on the R. 0.E. 20" telescope 

Observations were made on this telescope from. late December 1973 

into January 1974, during the national power emergency; several cold clear 

nights were experienced. It was found, contrary to expectations, that 

the detector when cooled gave worse signal/noise than at room temperature, 

while biased with a matching load resistor in each case, but gave a five-fold 

improvement on the room temperature performance when mismatched in 

the cooled state with a 5M to 15M bias resistor (the cell resistance was 180M 

0 
at N  200 .K). The bias voltage required to double the zero voltage noise 

was then found to be only a few volts (as opposed to about 40 volts at 

room temperature with an 1M cell resistance); the reason for this was 

later the subject of much investigation, and is discussed fully in chapter 8. 

Observations were made of the Orion nebula M42 (NGC 1976), the 

diffuse nebula in Monoceros (NGC 2264), several red giant stars including 

Betelgeux and Arcturus, as well as comet Koho'utek. a Ori was used to 

obtain an instrumental profile; the star was allOwed to drift across the 

field and the detected signal recorded on a chart recorder; the resultant profile 

would be ideally a box function for the light pipe, convoluted with a sinusoid 

cycle for the sky-comparison scan profile, but in practice included a strong 

gaussian component. The best signal to noise with a 10 second integration 

for a Ori was about 10 at X 1.65121and less at 2.3 pi , while on some apparently 

clear nights no signal could be detected. M41 gave no clear signal, but 
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the nucleus of comet Koholitek was observed on the 13 January 1974 to 

give a signal to noise between 15 to 20 at X 2.2p, as, compared with 

the sky background. Unfortunately confirmation or a calibration for 

this observation was not possible, owing to subsequent cloud cover. 

The observation of comet Kohoutek was limited to 10 minutes on the 

one night only, but the result was considered particularly encouraging. 

5. 10 	Design improvements resulting from the previous observations  

The first diagonal flat frame, 'S1' in figur5. 03, was modified 

such that the flat can now slide up into a housing on the box lid; in this position, 

the telescope beam passes via a slot in the mirror 'S2' to a focus 

before eyepiece 'E2'. This eyepiece was mounted on a horizontal slide 

with three adjustable preset positions: one central, and one either side, 

corresponding in total to the amplitude of sky-comparison used (usually 

25mm). Some minor changes were made to the offsetting eyepiece 

facilities, but the other major improvement was the addition of an 

artificial star (F5.32). 

The artificial star as shown in figure F5. I2 consists of a small 

filament lamp and adjoining tapered light pipe tapered to a needle point 

and blackened along its length. This point projects through a 110.67 

hole in a ground perspex screen; the screen can be separately illuminated 

to form a continuous extended source, as an alternative to the point 

source just described. The field is limited by a stop ring which holds 
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a Kodak gelatine No. 37 filter; the whole unit is mounted at the focus 

of a simple 30mm diameter lens which projects an image of the screen 

and point in an F/8 beam to the field lens in the photometer box. The 

unit is mounted in a fully adjustable mounting and is supported by an X-Y 

slide arrangement with rack-pinion, as shown in figure F5.12a. This 

assembly is located on the end inside wall of the photometer box at 'A' 

in figure FS. 03,and can be seen by the photometer detector through any 

of the optical systems via the field lens when the mirror'Sl' is in its 

raised position. 

The artificial star proved invaluable for routine instrumental 

laboratory tests, and for measurements of detector comparisons and 

characteristics. 

A laser bolting frame was also installed, such that a laser may 

be bolted either to the outside of the end wall of the box,to define the optic 

axis, or at the cryostat face plate in place of the cryostat, again defining 

the optic axis to assist laboratory alignment of the equipment. 

A complete set if circuit diagrams for the present photometer 

is given in chapter 6. 

No references have been found for optical systems similar to 

those previous described. 



CHAPTER 6  

6. 	The electronic circuits developed for the infrared photometer. 

Contents: 

6.01 	The block layout. 

6.02 	The H. T. attenuator circuit. 

6.03 	The detector head and preamplifier circuit. 

6. 04 	The signal channel card. 

6. 05 	The variable Q tunable band-pass filter. 

6. 06 	The reference channel card. 

6. 07 	The synchronous rectifier card. 

6. 08 	The output monitor. 

6. 09 	The test oscillator. 

6. 10 	The R. M.S. rectifier. 

6. 11 	The multi-meter. 

6. 12 	Reference oscillator circuit. 

6. 13 	Main power lines and transformers. 

• 6. 14 	The preamplifier power supply and distribution box. 

6.15 	The current-stabilised power supply for a calibration lamp. 

6. 16 	General electronics specifications. 

6. 17 	System noise specification (excluding preamplifier). 

6. 18 	Calibration curves for the high resistance ohm meter. 

6.19 	Conclusion. 
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THE ELECTRONIC CIRCUITS DEVELOPED FOR THE 

INFRARED PHOTOMETER 

6.01 	The block layout. F6.01 

The block layout diagram F6.01 shows the system at the time of 

writing; the signal processing circuits are discussed in this chapter, while 

the servo system is discussed in chapter 7. Both the signal channel and 

the reference channel show a number of changes from the block layout 

diagram F3.07. In these diagrams switches are do-noted by 'sw?, and pin 

contacts by 'c', attenuators by 'p', and socket pins by 'W. 

6.02 	The HT attenuator circuit. F6.02 

The bias battery attenuator circuit shown in F6.02 is symmetrical 

about the earth point i1393` so as to reduce pick-up on the cable to the 

cryostat, and to help reduce the effect of switching spikes and other transients 

or capacitance leakage effects from upsetting the cooled F.E. T. in the 

. preamplifier. The signal channel is capable of detecting 10 nv, at the 

input, and so switched attenuators were used in place of conanuously variable 

potentiometers to attenuate the 90v battery supplies; three switch ranges 

enabled coarse and fine adjustment to be made to the bias. Low-noise wire-

wound resistors are used throughout, together with a choice of two smoothing 

capacitor values; without the capacitors, battery voltage fluctuations at very 

low frequency become very serious. The unit is earthed through the 

preamplifier. 
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6.03 	The detector head and preamplifier circuit. F6.03  

This unit is built in two sections; the low noise F.E.T. is mounted 

in the cryostat near the detector; .F. E. T. BF800 has a very low noise current 

while BF 808 has a very low noise voltage, these characteristics vary with 

temperature and gate load and so the lowest noise F.E. T. should be selected 

by experimental comparison; in practice this is not a critical factor. 

Preamplifier roll-off is given by the .01 piF capacitor and 180M F.E T. gate 

bias load resistor. The detector bias voltage load resistor is mounted like the 

F.E. T. , and may be switched from one of two values by relay R; the relay 

when not powered switches in the higher bias used with the cooled detector. 

(no power is then dissipated by the relay to cause heating). A thermocouple 

probe monitors the detector head temperature. The remaining preamplifier 

stages are housed in a box fixed to the outer valve plate of the cryostat, which 

contains the X10 voltage amplifier stage for driving the line to the main 

amplifier. 

This box also contains the detector bias line from the H. T. attenuator together 

with some line hum suppression capacitors, and a switch to connect over 

to the (cell +bias) resistance measuring circuit (see multimeter F6.11). 

	

6.04 	The Signal channel card. F6.04  

The first stage of the signal channel uses an 'Analog Devices 118A' 

low noise operational amplifier and low noise resistors. This amplifier 

is operated in common mode rejection between the amplifier and dummy 
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line, in order to minimise pick-up on the line; the !nit is set for a 

voltage gain of 100, but can be switched to X1 or used with a 1/100 

attenuator input. All the remaining I.Cs. are of type T.I. 2N307 

(replacements for the original T. I. 2N709). 

The optional filter block shown in F6. 04a was in practice rarely 

used, but contains a tunable 50Hz reject (notch) filter and a similar 

filter at first used for carrier third harmonic suppression. Another 

optical filter is used only for cases of bad noise, and is shown in F6. 04b; 

this low-frequency roll-off filter operates at about 3Hz with 6db/octave 

roll-off. 

Variable signal gain is achieved from switching between five 

preset attenuators (in steps of iro) after a X20 amplifier; the attenuator 

is matched to a X10 amplifier via a buffer amplifier, and so the attenuated 

signal is amplified with variable gain without a change in system frequency 

response. The switched preset band-pass filter was used in conjunction 

with the identical common switched unit in the reference channel, but in 

practice this filter proved tn.necessary. 	The signal amplifier card 

concludes with a further X10 booster to give sigiial levels in the range of 0.1 

to 10 volts. 

6. 05 	The variable Q tunable band-pass filter. F6.05  

This experimental filter was built for investigating the effect of 

different carrier waveforms and could be used for harmonic suppression; 

it has a continuously variable Q from 2 to 100, and a nominal frequency 
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range of 100 to 460Hz. The filter may be switched into the output 

of the main amplifier or operated separately; in practice, all filters 

were switched out during astronomical observations. 

6.06 	The reference channel card. F6.06 

The input stages of this card have been considerably altered 

since the phototransistor reference detector was replaced by a 

capacitance bridge. The input stage is now a high frequency filter 

amplifier, the filter is necessary to remove possible high harmonics in 

the reference waveform which would otherwise prove a problem in the 

phase shifters. A follower connects this to the next stage; originally 

this stage was a preset switched band-pass filter identical to that in 

F6.04c, used to maintain the relative phase with the signal channel, but 

this was later removed as it proved to be a source of cross channel 

interference, and was later quite unnecessary. A variable gain amplifier 

is used to set the reference level gain, and this is then followed by three 

phase shifters; two are ganged together to provide coarse phase adjustment. 

The phase shifters are of an original design based on an R-C 

bridge, taking advantage of the phase-antiphase outputs of a transistor 

(this circuit may not be designed around a single I.C. where there is only 

one phase of output). With reference to the negative rail, the output 

voltage to input voltage ratio is: 
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R  
R+R E6.01 

where 'R + R'denote the two reference resistors, 'c' the capacitance and 

r the variable resistance for phase adjustment; then this becomes 

1 	(.0 rc 
	(1 + 2  r2  c2)1  e,  

l+pare 	2 	1+ j w rc 	(1 + c2  r2  c2)2 e+ 

= e-2j0. where tan 61  = w rc 	 E6. 02 

It is seen that there is no resIlltant change of amplitude through the network, 

and the phase change is 2 tan-1 	
rc; it is clear from this relation that 

the harmonic content of such a carrier must be very restricted, so as to 

prevent gross waveform distortions. 

The phase shifters are buffered before passing to an inverting or 

non-inverting unit gain amplifier for phase anti-phase selection, and then 

to a squarer amplifier. The squarer amplifier is a high gain diode 

clipped amplifier with high D.C. feedback to ensure equal mark-space ratio. 

The circuit was found to be far more stable (less prone to oscillation) 

than the original circuit containing the Schmitt trigger. 
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6.07 The synchronous rectifier card. F6.07 

Several synchronous rectifiers were tried, but that found most 

successful, is that of P. Williams (R6.05), giving particularly good 

noise rejection and stability. 'On the card (F6.07)the signal passes 

through an attenuator and amplifier to provide optional additional gaiii, 

then into the active switch 	synchronous rectifier; the switching 

is provided by insulated gate MOSFETS driven by the split reference 

channel square wave via an inverting and a non-inverting amplifier of 

F6.07a. As can be seen, the switching to the integrating capacitors 

is done symmetrically in the feedback loop of an operational amplifier; 

the 30 p F capacitor controls the low frequency roll off. Integration 

times of 0.1 sec to 100 secs are available in steps of X10 (corresponding 

to changes of X 10 in the signal/noise); the high frequency performance 

roll-off is determined by the 2200pF capacitor. 'P7 'provides adjustable 

D.C. offsetting of the rectified signal; the two rectified antiphase D.C. 

outputs are differenced in the output amplifier. 

6.08 The output monitor. F6.08 

This card provides a monitoring facility for the output of the 

synchronous rectifier; the met^r was offset to read zero output for mid 

scale; the potentiometers provide adjustment for range and offset. 
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6.09 The test oscillator. F6.09 

This is provided in the signal electronics rack for testing 

circuits and calibrating gain; it is of a simple Wien bridge transistor 

design, with coarse and fine frequency ranges. 

6.10 The R. M.S. rectifier. F6.10  

This circuit was used to measure the noise from the synchronous 

rectifier in the detector signal/noise tests. 	The first amplifier provides 

several gain settings, and an input capacitor can be used to block the 

D.C. signal component (this is bypassed when calibrating the meter with 

a known D.C. voltage). The diode feedback of the perfect diode circuit, 

followed by a summing amplifier,provides full wave rectification of the 

input waveform, which is then integrated with either a 3 sec. or 30 sec. 

time constant; and fed to a meter. 

6.11 The multimeter. F6.11 

This is a test and monitoring facility that proved particularly 

useful; it includes two lv to 3v range voltage monitoring inputs,usually 

connected to the signal output from the synchronous rectifier, and tho 

rectified noise output from the R. M.S. rectifier. The circuit angles of a 150 volt 

range differential input for monitoring the detector bias voltage, and a 

F.E.T. follower with preset biased gate for measuring the resistance of the 

detector with a bias resistance. The 2N5457 F.E.T. is gate positive biased 



78 

by standard resistors (1M, 10M, 100M, 500M) switched from 'SW6`, 

which may be compared with a similar set of standards to the negative 

rail (effectively reducing the bias), and the output meter is then adjusted 

to read halfscale; the detector + bias resistance is measured in the 

same way as compared with the standard calibrated values. All 

the necessary calibrations and range selection, as well as mode ( J17, etc), 

is controlled from panel switches; the mode switch enables the user to 

measure consecutively the output noise, signal, bias voltage, and detector 

with bias resistance, from a single meter. 

	

6. 12 	Reference oscillator circuit. F6.12  

This is just a Wien bridge circuit with a low distortion feedback 

amplitude control, and an optional squaring circuit. The unit is used 

mostly to drive the chopper disc via a power amplifier and transformer, 

and has stepped octave frequency ranges from 2Hz up to about 2kHz. 

	

6. 13 	Main power lines and transformers. F6.13 

This unit contains two sets of symmetrical power supplies and 

a + 51v line for biasing the solenoid originally used for driving the mirror 

unit; the drive signal is supplied via a power amplifier and transformer 

'T2'; the second power supply is stabilised and operated at + 15 volts and 

is used for the power amplifiers previously mentioned. Trangformer 'T3' 

is used to step up the voltage from a power amplifier in order to drive 

the disc chopper previously mentioned. 
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6.14 	The preamplifier power supply and distribution box. F6.14  

This unit is a fuse box and a well smoothed power supply for 

the preamplifier. 

	

6. 15 	The current stabilised power supply for a calibration lamp. F6.15 

This unit was built originally as a constant current supply for a 

calibration lamp, but later supplied the artificial star. It has a voltage 

range from 1 to 10v. at 5.A. and is stable to 1 in 103; the output voltage 

is set by a vernier potentiometer. 

	

6,16 	General electronics specifications 

Table 6.1 shows the general electronics specification, while T6.2 

gives the output to input scaling ratios for the various gains and time 

constants; T6.2 is used in chapter 9. 

Figure F6.16 shows the measured signal channel frequency response; 

as mentioned, the system was usually operated without any filters. 

	

6. 17 	System noise specification (excluding preamplifier) 

F6.17 shows the main amplifier noise (mostly originating in the 

first stage of the input resistor), and the syhchronous rectifier switch noise 

(seen as a train of transieni.$) which is only of concern when the carrier 

frequency is about 10
3
Hz. At room temperature the carrier frequency 
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was usually set at 30Hz, but was lowered to about 5Hz with a good cooled 

detector (see chapter 8). The preamplifier noise is about 10X the 

main amplifier noise. 

	

6. 18 	Calibration curves for the high resistance ohm meter  

F6.18 shows the multi-meter resistance range calibrations for 

the D.V.M. output and the panel meter. These curves were used to 

obtain estimates of the detector resistance, at room temperature, and 

also when cooled. 

	

6.19 	Conclusion  

The circuits described were evolved over a considerable period 

of time; in some cases, many different circuit designs were investigated; 

those presented here were considered the most satisfactory; the relative 

advantages of the various possible filter designs are not discussed here 

for reasons of brevity. 

A reading list is given at the end of this chapter. A complete 

set of layout diagrams is available separately. 



Table T6.1 Table T6.1 (contd.) 

Time constants : T: 	1 2 3 4 

Electronic Specification Table Tsec 0.1 1.0 10.0 100.0 

Amplifier (no preamplifier): A f Hz 3.3 .33 .035 .0033 

Gain : GI = 1.0 x 103 (+, -) according to input Noise meter: 

G2 = 3.16 x 103 

C3 = 1.0 x 104 

G4 = 3.16 x 104 

G5 = 1.0 x 105  

Preamplifier gain: + 10.0 

preamplifier freq. resp.: 

main amplifier freq. 

Filter attenuation : 

-•'e 	o/p is dummy 
1 &wt. 	< 51-iz 

xesi .: 1 Apt. 	< 1Hz 

f Hz : 3.8 7.5 15 	30 	50 	60 120 650 750 850 

L.f. roll off : 0.40 0.82 0.950.95 1.0 	1.0 1.0 1.0 	1.0 1.0 

50Hz reject +a 
harmonic reject 

1.27 1. 10 0.45 0.0 	0.27 0.75 0.5 0. C 0.50 

( Q = 2.0 ) ( Q = 6.4 ) 

fixed band psss filter: 1, foi  = 300Hz:Q11  = 2.7,Q12  = 

f02 = 410Hz:Q21 = 2.7,Q22 = 

vax. Q, f 

5.5,Q13  = 

5.5,Q23 = 

9.5 

9.5 2, 

Tunable filter band pas:: 

Synchronous rectifier frequency response: 

eb < 5H% 

F.S.D.= 1.0v pp. I: 1.0v pp from amp,X1 or X 10 

Ag/D,C,;A.G. 	= 2000pF x 100k = 200 sec 	0.8x 10-3  Hz. 

Integration 	= 	3, 30 sec 	53,503 x 10-3 Hz 

(270k x 1011F, 100,2F) 

gain: x 1.0, x 10.0 

Frequency response: flat 



Table T6.2 

Instrument constants as used for referring output to input  

Signal in AV 
G2 

P 
G3 G4 G5 Gain setting: 

Switc t seam 
1 	1 

Id x  1T/0 

100 

1 
10 

X1 

GI 

105  

104  

103  

102 

10x 104  

,TIT )x 103  

TIT) x 102  

Fix io 

104  

103  

102  

10 

III) x 103  

,g1 x 102  

Fx 10 

ii-a" 

103 

102 

10 

1 

Noise meter 	1/Fz . 	q 

2 3 4 Integration setting;1 
Switch seaini.  

XI 1.74/4T0 1.74 1.74/i1T) 1.74 

X10 .174/4'" .174 1.74/11 1.74 

X10 X 10 .0171470 .0174 .174/P .174 

E2 2 = 0.52/area of field, (x 0.0796/arc2min) 

( E1.65  = 0.62/area of field, 	0.0796/arc2min) 

0- (see chapter 9) 
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7. 	A servo control system for the photometer sky-comparison 

mirror unit, and some design changes made for adaptation 

of the photometer for use on the Tenerife 60" flux collector. 
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and frequency. 

	

7.07 	A new drive unit and bearing assembly. 
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collector. 
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A SERVO CONTROL SYSTEM FOR THE PHOTOMETER 

SKY-COMPARISON MIRROR UNIT, AND SOME DESIGN 

CHANGES MADE FOR ADAPTATION OF THE PHOTOMETER 

FOR USE ON THE TENERIFE 60" FLUX COLLECTOR 

7. 01 	The need for a servo system 

It was mentioned in chapter 5, that the vibrating mirror amplitude 

was found to be unstable and so a servo system was built to control this 

mirror motion. 	The sinusoidal scanning motion of the mirror is 

inefficient; most of the scanning time is spent in the mirror travelling 

between the two field apertures; a square waveform increases the 

dwell time and reduces the travel time, thus increasing the proportion 

of time spent integrating the required source. Due' to the resonance 

and rapid roll off frequency response of the drive unit, a square wave 

motion may only be attained by servo control. 

7. 02 	A new capacitance-bridge position detector 

The capacitance detection system previously described was 

originally designed for sensing the motion of the disc-chopper, and later 

for sensing the motion of the solenoid armature; the circuit was A .Cr 

coupled and very non-linear (capacitance varies inversely with the plate 

gap width), and so quite Unsuited for use as a position detector with the 

servo system. 
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A new cap9 citance detection system was designed and built 

as shown in figure F7.11, and is a simplified version of that described 

in R7.01. The L.C. 450 kHz oscillator as previously used now drives 

an R-C bridge, where the two capacitance arms consisting of three 

parallel capacitor plates (from supply, to output, to earth) are balanced 

by an adjustable resistance potential divider; the moving capacitor plate 

moves closer to one plate at the expense of the other, and so registers 

twice the change in capacitance for the same geometry as a single armed 

system (one pair of capacitor plates). The bridge can be accurately 

balanced and the system is insensitivie to atmospheric changes as these 

will affect both capacitance arms equally. 

Consider a resistance/capacitance combination as originally used; for 

a potential 'V
1'dropped across a series resistance capacitance combination, 

the observed potential Not dropped across the capacitance alone is 

V o 	j(dc  

Vl R  
jeoc 

where R is the resistance; c, the capacitance. 	 E7.01 

Now the capacitance of a parallel plate capacitor of plate area`Ad, 

dielectric'1C, and plate separationVis: 

E7.02 



1 
= d1 	d2 + kAito kA jw  

Ve 	d
2
/kAjeti  

V 
R

2  
RI +R2 

E7.05 
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which when substituted in E7. 01 gives 

• d  
d+kAj usR E7. 03 

This is a hyperbolic function of d, and is only linear for very small 

displacements. 

Now consider the capacitance bridge combination of F7.01, where 

. 	• . 	, 
the two capacitance arms are C1 and C2 and the resistance arms are RI and R2' 

Then the bridge output compared to the input is 

Vo 	1 

VI 
	j.bic2 	 R

2  
1 	1. 	R1 +R2 itdc + jvc 1 	2 

E 7. 04 

Substituting for* c'from E7.02 we have 

but R1  + R2 	R 	 (constant) 	 E 7. 06 

and d1 + ci2 = d 	 (constant) 	 E 7. 07 

Then 

	

Vo 	d2 	R2 

	

= 	 E7. 08R
V1 
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If this is set to zero; then a displacement from this position 

by X' makes 

V
o 

d
2 
	 R

2 X 

V1  d d R d E7.09 

The output of the bridge is then linear with the displacement and 

independent of the dielectric; in this design, the fixed capacitor plate 

gap widthdlis usually about 10 x the displacement amplitude, and the voltage 

supplied to the bridge is 30v at 450 kHz. 

The capacitance bridge can be replaced by the disc chopper detector 

previously described, appropriately matched, by operation of switch Swl 

and monitored by L. E. Ds Ll and L2. In order to remove the 450 kHz 

carrier frequency, the bridge output is full-wave rectified and then referred 

to ground with the differential buffer amplifier; the resultant signal is then 

filtered to remove the 450 kHz carrier frequency, but not enough to cause 

any noticeable phase shift of the 5 to 30 Hz displacement modulation frequency 

or its harmonics as in the case of square wave modulation. In practice 

the roll-off point and rate for this h. f. filter was found to be quite critical; 

the component values shown are considered to be the opt imum. Offsetting 

is applied by virtual earth summation at this filter amplifier; the amplifier 

also includes a variable gain setting. Bridge balance is adjusted with P1, 

biasing and offsetting with P2 atid voltage gain with P4. This system is 

most satisfactory, a 0.8mm armature displacement can give rise to several 
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volts change on the output, and the frequency response is from 0 Hz to 

1 kHz or more. The whole circuit is housed in a small box in the 

photometer close to the mirror unit, and the bridge on the drive armature 

is connected to the circuit by a triax cable where the bridge supply is 

on the centre core, the screen is earth, and the middle screen is the 

bridge output; this arrangement minimises stray capacitance effects. 

7.03 	The servo control unit  

The block layout diagram F6.01 shows the servo control layout, 

which is shown in detail in F7. 02 and resembles the circuit given in 

reference R7. 02; the capacitance bridge output is fed to the control unit 

input via a long cable. A phase shifter was used in initial tests on the 

servo system, but. later abandoned; however this phase shifter at first 

proved vital in order to compensate for phase changes produced by the 

solenoid drive transformer. This phase shifter is a modified version 

of that shown in F6. 06c,so as to pass a D.C. voltage without change in gain. 

Position coarol is obtained by summing in a variable voltage 

at the offset amplifier shown in F7. C2a, or with the summing amplifier in 

F7. 02b. The reference waveform is supplied from an oscillator connected 

to an adjustable-gain amplifier; the output waveform may be switched to 

the reference attenuator to provide amplitude control, or to a squarer and 

then to the reference attenuator depending on the choice of a sine wave or 
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square wave reference. The squarer includes a stepping facility so 

that the square reference may be held in either of its two states (this is 

useful in setting up the photometer on a star). Comparison between the 

real signal waveform from the capacitance bridge and the generated 

reference waveform is made in the differencer (here, this is a 

summing amplifier, as the signal is already suitably inverted). 

The. error signal then is split between a proportional multiplier, 

differentiat or to provide velocity damping, and integrator to provide 

D. Q. control and high frequency roll off (the time constants and gains are 

adjustable), and all three summed (see F7. 02b). 

An optional inverting or non-inverting amplifier is used to select 

the phase, and the signal may be directed to the power amplifier at this 

stage, but a more satisfactory waveform was obtained by including the 

high pass filter with a partial bypass.. 	The adjustable low frequency 

notch filter,in F. 702c,was used to compensate for the solenoid spring 

resonance, but was later removed (see next section). Figure F7.03 shows 

the remote control unit normally bolted to the photometer; this duplicates 

the essential controls of the main panel; these include the reference amplitude 

and on/off, the square-wave, step-hold switch, and offsetting control; the 

unit can be removed and control then reverts to the main panel. . The unit 

has a relay cut in/out that may be operated from the panel or the unit itself. 

The servo control power supplies are shown in figure F7. 04. 
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The servo unit has several test facilities for setting up and 

fault finding; one is a possible combination of the input channel to the 

oscillator channel, another is a shorting switch , for either of the 

differencer inputs. The unit may be operated in open or closed loop 

mode, and in correct operation the open loop gain is at least a factor 

of three greater than the closed loop gain at the fundamental carrier 

frequency (5 Hz - 10 Hz) as measured from the output of the capacitance 

bridge detector; the difference in the gain of the two modes is an 

indication of the amount of feedback. As with all servo systems, the 

frequency response and hence gain is limited by the phase-shift/frequency 

characteristic; oscillations set in at the frequency where the phase shift 

is -tr 

7.04 	Initial trials with the servo system 

When the servo system was first operated, it was found that 

the phase setting for optimum D.C. stability corresponded to a condition 

of considerable .A A.C. instability, and vice versa. With the servo loop 

closed, the maximum amplitude of motion attained with a 7w. power 

amplifier was only about 30% of that required; the A .C. instability 

increased, and the amplitude decreased still further in the square wave 

drive mode. Thc mirror position control did not function as expected, 

due to the A. C. coupling of the necessary step up transformer to the 

solenoid, and it was considered that this was also the likely cause of the 

gross low frequency phase shifts just described. 
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An attempt was made to overcome the lack of D. C.control 

problem by replacing the solenoid armature with a new armature with 

a 15 12 coil winding; the step up transformer was then removed, and 

the drive current applied to this coil winding, while the D.C. constant field 

current was applied as before to the solenoid coil. This .was expected to 

remove the low frequency phase shifts, but in practice it was found that 

the amplitude of motion was severely limited by the limited power 

dissipation of armature coil. 	Several different armatures were made: 

one of nylon, one cfTufnol,and one of steel; the additional field concentration 

from the steel armature proved the most successful, but even here, the 

thermal dissipation problem proved too severe. Magnetic rectification 

does not occur providing the permanent field induced in the armature 

exceeds the peak amplitude of the alternating armature field. 

7.05 	Power limitations on an armature winding 

Consider a closely wound coil of wire of diarrietcr'd'on a former 

. 
of length 1 and of radius r, wound to a radius r + t, with a total number 

of turns N. 

Then N = nm 	where 	 E7.01 

t = and 	 E7.02 

and I = nd 	 E7.03 
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Then from E7. 01, E7. 02, E7. 03 

N = t 
—c( 

 1 

	

 d2 	72  

Let v = applied potential and i = coil current. 

(a) 	if v = constant 

wire cross section area 	d2 
i oc wire length 

Then Ni a d2 

And W cC i 

hence from E7.07, E7. 07 

E7.04 

E7.05 

E7. 06 

E7. 07 

d2 
W —c d4 from (E7.04) 

E7.08 

   

(h) 	If W = constant (e.g. maximum power for an amplifier) 

.2 R = constant 	 E7. 09 

1 hence i2 
 cC —R E7.10 



90 

and as R cC 2  d 

2 	d2 
Then i cZ —N 

hence i cC —d 

TN—  

E7.11 

E7.12 

E7.13 

and Ni a di TT 	 E7.24 

Then from E7. 04 Ni = constant 	 E7.15 

Now Magnetic field B cep Ni 

where 11 is the magnetic susceptibility. 

Then in'a; for constant  voltage/  and pc  

from E7.06 B ce d2 

and W cCd4 

and in b for  constant power W and pt  

E7.16 

E7.17 

E7.08 

from E7.25. 	 B = constant 	 E7.18 

In practice the power is restricted by the thermal dissipation of 

the coil, and the coil size is also geometrically restricted, and so case b,' 

applies; then the magnetic field is not a function of any of the coil parameters 

considered and so is restrictcd,and is the same for all such coil designs. 
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7.06 	Power necessary to produce a square wave of given amplitude 

and frequency 

Consider a square wave of amplitude'a, and fundamental frequency 

4121f , including harmonics up to m. 

Then the displacement is given by: 

 

X 	 1 	1 = —4 a sinwt + —3 sin 34) t+ — sin Scut + 	1 + — sin mwt TT 	 5 

4 = — aw cos w t + cos 3 w + cos 56.1t + 	  + cos mot 

 

E7.19 

 

E7.20 

Xrn= --4 aw 2 sinwt+3 sin 3wt+5 sin 5wt+ 	 +m sin mwt 	E7.21 71 

The series may be written ; 

4 X"6.1.  = 7-.-t  a sin mot 
m E7.22 

M 

 

where m = 2n - 1 (odd only) 	E 7.23 

   

A 
m 

    

m 
4 aw cos mwt = 4 au) 

71 
cos m +1 w t sin mwt 

2 	2  
sin 0., t 

E7.24 

2 

•• 
and 	X +1,1  4 = - —

71- 
 a 012 

A 

m sin m w t 	 E7.25 
/71=i 

The maximum displacement and acceleration occurs when X = 0 then : 



IA12  cos mg t  cos (rii +1) (--4--'1  [ 2 	2 	 2 

+ 1) sin 	2 (fii +1)  to t sin riuut 2   2 

E7.29 au,  2 

sin w t — 2 

4 
if 
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+1 	riiwt =0 cos  	t sin 2 E7.26 

and mw t 0,so the first root is w t =117th  + 1 	 E7.27 

and the second is w t = 
21r 	 E7.28 

The acceleration at a zero velocity point is then:from E7.24 and E7.26, 

and where. w t =1Vm.,  + 1 

then 	X,- 	TT
2 — a w2 A (m +1) sin 2(th+1) m   

7r  
s in2(Yfl+1) 

• • 
icor 

E7.30 

•:‘ 
The power for mass M to reach a velocity X 	in a time T 

p = M 
14, T d 1 M d> 2 — x  

2 T E7.31 

_ M 	42 a2 to  2 

2T 2 

r 	A +1 	t sin Si t  2  T cos m  
2 2  

sin w t 
2  0 

E7.32 
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2 7r  co m ' etc. 

X is a maximum for t = 0 and is zero for T — 7r 
(rri+1)' 

For a well-damped motionIthen take T = 7iA (m+1) 

Then the total power = 

— = 8M a23 	2 (m +1)m 
it 3  

sin m 4Y  A 	 2 	A And from E7. 30 the maximum force F = -M-7r a co2  (m + 1) 	2(m+1) 
IT  sin  

---- 20'1+1) 

E7.33 

E7.34 

and as m 
A F 	-M — -tr a w 2  (n; +1) m 	 E7.35 

Substituting some values in F7.33 and E7. 35, where M = 42 gms, a = 0.4mm, 

• m = 9, f = 30Hz 

Then 

p = 9.4 watts 
A 

and 	F --" 34 newtons 
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It is clear from this that a considerable amount of force is necessary to 

maintain a square waveform to the 9th harmonic. The power and force 

relations for a sine wave of the same amplitude are 

p = 4M a2  w 3 
E7.36 

  

F = -Maw 2 
	

E7.37 

substitUting in the above values form a, M, w 

; = 0.018 watts 

A 
F = 0.60 newtons 

The relative advantage in the integrated signal,obtained with an ideal square 

wave sky-chop,compared to a sine wave of the same amplitude, is 	1.27, 
'TT 

and so the increase in optical efficiency isN27%. 

7.07 	A new drive unit and bearing assembly  

The previous sections have shown the limitations of a solenoid 

drive unit as used with the servo system; as a result of this investigation, 

it was decided to replace the solenoid drive by a commercial 'Ling vibrator' 

drive unit which worked on the loudspeaker magnet principal; the coupling 

transformer was then dispensed with. 
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THE MIRROR DRIVE UNIT AND LINKAGE SHOWING THE CAPACITANCE POSITION DETECTOR PLATES 
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Figure F7.05 shows the new drive unit, armature, capacitance 

bridge vanes, mirror linkage,and mirror cell assembly. This modification, 

together with some optical changes to be described were made shortly before 

the photometer was used on the 60" Tenerife flux collector. 	A photograph 

of the assembly is given in P.7,1, where the optics of the two-spherical 

mirror module has been removed to show the base plate for the module, 

and the complete drive assembly; the mirror pivot linkage is the same as 

in P5. 4. There are several features to note; besides the three capacitance 

plates (the middle one is attached to the armature), there in an optional 

magnetic resistor pickup. The armature is fitted with end limit stops, 

and the location of the brass bush thrust bearing is fully adjustable; the 

whole unit has tilt and also slide adjustment on the module base; the mirror 

pivot frame can also be tilted along the pivot axis from the horizontal, to 

facilitate optical alignment; the armature has a screw length adjustment;  

and also the outer capacitor plates have a limited range of adjustment. 

The unit illustrated proved to be very successful, and when used 

with the servo system without transformer and phase shifters, gave a 

very stable sinusoidal waveform with a 0.8mm armature throw for up to 

100Hz, and a satisfactory square wave at this amplitude up to 60Hz, see 

figure F.7.08. The square wave showed some slight asymmetry as well 

as overshoot, and in practice the mirror overshoot exceeded that indicated 

by the capacitance bridge, which was mostly caused by flexurT of the main 

linear drive armature and wear on the brass thrust bearing; the pivot 
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linkage was not responsible for any of the overshoot. The slight 

asymmetry can be reduced by increasing the capacitor plate separation; 

the square wave profiles shown in F7. 06 are recorded from the output 

of the capacitance bridge, with the servo damping factor critically adjusted 

to minimise ringing. An attempt was made to overcome the mirror 

overshoot problem by including the mirror in the servo loop. The second 

set of capacitor plates shown in P7. 1 and F7.05, attached to the mirror 

pivoted armature, were used for this purpose as an alternative to the 

parallel plates described; unfortunately this proved very unsatisfactory, 

both increasing the asymmetry and instability. These plates, although 

abandoned from their original purpose, were found to help damp the mirror 

by the viscous damping effect produced by their motion in air. 

The armature linkage pivot and lever system reduces the inertial 

mass of the mirror and cell by 30% of its gravitational mass; the total 

inertial mass of the complete moving armature and linkage assembly was 

estimated at 42 gms. A 0. 8mm armature displacement produces an 25mm 

image displacement in the focal plane. 

7.08 	Adaptation of the photometer for use with the Tenerife 60" flux collector 

Ca successful application for observing time on the Tenerife 60" 

flux collector, it was decided to ;make a few changes to the optical system 

to take full advantage of the slower F ratio. At F/12. 8, the reduced 
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objective stop is approximately 10mm in diameter, and with this in mind, 

the final reduction lens was then placed inside the cryostat as shown in 

figure F7. 07, thus eliminating the need for the light pipe of figure F5.11, 

and hence improving the optical transmission by 30% at X 1.65g . The 

increase in collimation space slightly increases the reduction ratio, giving 

a 4mm reduced field for the 25mm focal plane field; this enabled the 

25mm2 area detector to be replaced by a 16mm2 area detector with 

a consequent lower intrinsic noise level. A new objective stop was 

introduced in front of the reduction lens 'q' in the cryostat, which therefore 

decreases the solid angle of view at room temperature as seen by the 

detector; the 10mm objective stop enableq -13mm diameter interference filters 

to be used in the collimated beam without obscuration. This change of 

the pre-detector optics , and consequent change in detector size, enabled a 

number of new detectors to be tried out and compared; this is discussed in 

t he next chapter. The new optics and detector head assembly is shown in 

photograph P7. 2, and the instrumental profiles, as determined with the 

artificial star, for this optical system are shown in figures F7.08, F7.09; 

the F7.10 prcfiles include the square-wave R.A. sky-comparison-chop 

convolution. Photograph P7. 3 shows the complete electronics as used 

at the time of the observations made with the 60" flux collector, and P7. 4 

shows the complete assembled photometer with cryustat and alignment laser. 

A new adaptor flange was made specially for interfacing the 

photometer to the 60" flux collector at an F/12.8 focus. 
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P7.2 
THE DETECTOR, BIAS NETWORK, 17,EN.ASSEMBLY WITH THE COOLED PRE-DETECTOR F/12.8 OPTICS 
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8. 	THE OPTIMISATION AND CALIBRATION OF PbS DETECTORS 

USED WITH THE INFRARED PHOTOMETER 

8. 01 	Introduct,ion  

This chapter concerns the optimisation and calibration of PbS-plate 

detectors used with the bias network described in chapter 6. Expressions 

for the general signal-to-noise characteristics of PbS detectors have been 

the subject of many papers (R8.01 - R8..09); the characteristic curve for a 

given detector is then specified by its fixed parameters :specific detectivity 

'D*' and time constant 'T = R.C. 	The equations given in the literature, 

are usually generalised, and do not usually include noise sources other 

than those from the detector. 

In chapter 5, it was noticed that the , 	signal-to-noise for 

the PbS detector used with the photometer biasing network, showed an optimum 

when the bias resistance was considerably lower than that of the detector 

resistance; this result was also confirmed by the manufacturer, but opinion 

at R.O. E. was divided on this issue. This result was not obvious from a 

study of the literature, but has been noticed by several fellow astronomers 

working with very high impedance PbS detectors. 	It was therefore decided 

to carry out an independent study of the signal-to-noise characteristics 

of the photometer bias circuit aril detector, in order to establish a 

mathematical expression to describe the observed phenomena, and to 

provide a satisfactory explanation for all the noise sources observed, specific, 

to this circuit. 
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This development of a semi-empirical relation for the bias- 

circuit signal-to-noise characteristic was originally to have been included 

here as a preface to the optimisation and calibration of seyeral selected 

PbS detectors later used for the intended astronomical observations. The 

discussion has now been more appropriately supplied as an appendix to 

this thesis; the expression obtained for the signal-to-noise is used in this 

chapter to establish a suitable optimum operating point for the det ector 

used in chapter 9. The relations determined in the appendix, mostly 

conform to those given in the literature (see R8.03), in the discussed presented 

the bias resistor network is treated as an additional noise source, which 

is not often considered. Such a treatment shows why the optimum signal- 

to-noise does not occur when the ratio of cell resistance to bias resistance 

(i ) is equal to unity, but in this case, is closer to 10 < R < 50. 

A comparison was made of several detectors, and one detector 

was calibrated in the laboratory. One detector was selected for use for 

observations and was optimised. 

8.02 	The signal-to-noise function for the PbS detector arid bias network, 

and the optimum operating point  

The reader is referred to the appendix for a derivation of this 

semi-empirical expression for the signal-to-noise of a PbS detector and 

bias network; 
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d e 
E 

2 2 	-2 /a  T 	1 42  x 10-4  V r >2(2+ 	 ) = K 1'0  yo 	E 	 + 1.28 x 10 re/ 	f  . 	 c  

E8.72 

Where Ae = signal voltage at the preamplifier input 

= noise voltage at the preamplifier input 

K = sensitivity constant for the detector 

rc = detector resistance 

V = total bias voltage 

= preamplifier noise voltage at preamp. input 

T = absolute temperature 

determination 
from measurement : =1.0 at 295°K and 0.141 at 2000K 

30Hz 	 5 Hz 
a = ratio of detector current noise to that of a 

comparable metal film resistance 

/3 	= ratio of detector resistance to bias resistance 

and 

kTf = a function of temperature .and frequency parameter 

R +g) 	 + -2 f 1 + 2y 	y2 +6 2 

0+0
2 

_1 
2 

E8. 70 

where 

y = ratio of detector resistance to F.E. T. gate load 

resistance 

6 	= product of detector resistance and detector 

capacitance (cell time constant) 
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This expression (E8.72) is first given in appendix A8.07; 

the voltage dependence of this function (E8.73., A8.08) is plotted in F8.15 

and the corresponding observed performance of a PbS detector and bias 

network with bias voltage is shown in F8.14. It is clear from these 

curves that there is little advantage in setting the noise level greater than 

three times the zero bias voltage noise. 	The derived bias voltage 

required to increase the zero volts bias noise by 'mt(E8.76, A8.09) is shown 

as a function of p in F8.16 and the observed corresponding function is 

plotted in F8.17. 

Equations E8.70 and E8.72 were used to plot the signal/noise 

curves figure F8.19 as a function of (3 for a fixed 100v bias. Three cases 

for a cooled detector were considered: 6 = 31.6, 316, 3160; the lowest 

value was chosen as the least 	to have any significant effect on the final 

curve, when rc  = 500 and y = 5, for a working (3 	10. The order of 

ma gnitude jumps of 6 correspond to order of magnitude increases in 

frequency or of capacitance; at a frequency of 5 Hz and rc = 500M, then 

6 = 31.6 corresponds to a cell capacitance of 2KpF. The value of 

k :7; 0.141 was determined from measurement of noise from the cooled 

detector (PN1417A); if the value of Vor the detector (PN1307) at room 

temperature is taken as 1.0, then the data in figure F8.14 gives a = 2.6 

for that detector, (it then has 2.6 x the noise expected from the equivalent 

pure resistance). Temperat.ure dependence of k T requires further 

investigation, but appears to be a reciprocal power, or inverse exponential 

function. 
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The curves 'a, b, .c' in figure F8.19, obtained from E8.70 and 

E8.72, show the sigmoid shape of curve F8.18 (A8.10) for f3 	20, with 

the most rapid change at R = 0.8, and a gradual fall off as /3 -4 oc) 

most rapid at 2 x 103. 	The fall off at high /3 is mostly prcduced by the 

predominance of preamplifier noise, while the effect of capacit ante is 

to attenuate the whole curve, but less so at high p where the load resistance 

is small; the capacitance attenuation becomes very significant for & >i 300 

in the case considered. Curve 'd' at 10 x scale shows the signal/noise for 

the same detector parameters but here at room temperature. In figure 

F8.20, some measurements of signal/noise for two real detectors have 

been plotted as a function of /3. In curve 'a' the detector (PN1417A) is at 

room temperature, and in curve 'b' (shown 1/10 scale) is cooled to about 

200°K, and shows a 13 fold increase in signal/noise for p = 30 'and also shows the 

effect of preamplifier noise at high /3. Curve 'c' is for a different detector 

at room temperature, showing how the intrinsic sensitivity of different 

detectors vary. Measurements were unfortunately restricted for curve 

'b' due to the problem of changing the load resistor in the cryostat in 

vacuum while in a cooled state. The curves F8.20 in general confirm the 

semi-empirical curves of F8.19 and so also of the semi-empirical equations 

F8.14 and F8.15, and confirm the domain of the optimum signal/noise as 

10 ‹ g < 50 and not 13 = 1.0 as would have been expected if the detector 

were the only source of noise; (3 = 1.0 is close to the point of most rapid 

change. The optimum operating point for the detector is then 10 ( (3 <' 50 

and V is such that E v 	E 0. 
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8.03 	Effect of operating frequency on signal/noise 

Figure F8.21 shows the effect of operating frequency on a room 

temperature detector, while figure F8.22 shows the frequency effect on 

a cooled detector; note how at room temperature, the 1/f detector noise 

results in a signal/noise low frequency roll-off below 10Hz; all other 

room temperature measurements were made at 30Hz. As expected, at 

-70oC the signal/noise improves with reduction of frequency; the optimum 

is f  possibly a little less than 5 Hz; this is the attenuation effect produced by 

capacitance when- the detector resistance is high. All other measure• 

ments were made at 5 Hz, that is just 	above the roll-off-frequency of 

the instrument electronics. 

8.04 	Comparison of detectors  

Measurements on the cooled detector PN1417 and on other detectors 

for comparison, were all made in Tenerife, and so were necessarily 

restricted; a table of the measured performance of various PbS detectors 

is shown in T8.1 ; the best detector (PN1417A) was used for the astronomical 

measurements in chapter 9, while B3SA8A was the original detector used 

in 1973 and the subject of laboratory calibration. 

8.05 	Detector laboratory calibration  

A lead sulphide plate (B3SA8A) was mounted on an optical bench 

and disc-chopped against a standard calibration lamp. The W.O.T.A.N. 

tungsten lamp was supplied by a constant current power supply; the 

detector was biased as in the photometer, and the signal from the calibrated 
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Table T8.1 

Comparison of detectors 

Detector 

resistance: 

load : 

Noise(23°C): 

H.T. bias V : 

Inc. in noise 
to V 

Signal in • 
broad band 
signal7■1.65.1: 

7t2.21.1: 
Signal relative 
to broad-bend 

(b. b. ) 
at A1.6512: 

" 	A2.21.4: 

(2.212)1.650: 

S /1\1 (A 1.65 0: 

S/N (7t. 2.219: 

B3S.A 8A B3SA8B PN1417A PN1417B PN1307 

1MO 

1 MO 

1MO 

1MO 

10M6 

9M4 

9M8 

9M4 

1MO 

11\40 

.070 .072 .239 .221 .071 

17 17 8 8 8 

2.2 2.1 2.6 4.6 2.0 

10 x 103 9.5 x 103 149 x 103 152 x 103 21.4 x 10 

1.7 x 103 1.77 x 103 30.5 x 103 24.3 x 103 3.7 x 103 

.51 x 103 .409 x 103  11.2 x 103  9.1 x 103  0.89 x 10 

.17 .186 .204 .160 .173 

.051 .043 .075 .060 .0418 

• .30 .23 .37 .38 .24 

11.0 x 10v  11.7 x 103 49.1 x 103 23.9 x 103 26.1 x 103 

3.3 x 103 2.71 x 103 18.0x 103 8.95 x 103 6.27x 10 

units 

tiV 



T8.2 Laboratory calibration for a FlaS detector 

f (A) is the filter transmission function 

B(A) is the lamp emission function 

(detector area)1  
detector resistance 

B3SA RA: 	5. Omm 	l'1■11417A: 4.0mm 
1M 	10M at 295°K. SOOM 

at 200°K 

solid angle of 
detector, subtended 
at... n ) 	: 	XL : 

4.3 x 10-6st 

• waveband: A I.65p, H A 2.2p, K units 

R la ,Zi(A)E3(X) 6 (X) : 0.226 0.162 w/st 
7% 

R _f). : 0.973 0.698 p 

B3SA8A detector:- 
52 52 mV output from X10 preamp. 

at 30 bias : 

....sensitivity at 30v bias: 5.3 7.45 mV41 

noise at 30v bias : 0.35 0.35 pv/iliz.  

:-4Ioine equivalent power 
295°K : 6.60 x 10-5 4.70 x 10-5 

A wfir -z 

:- D,i-  (30, 	1) 295oK 1 
for rmun a rca detector 

7.58 x 109 1.06 x 1010  cmgrz A.., 

telescope collection area: 1.71 1.71 m2 

t filter band width 	; 	AN: .291 .409 P 

f filter transmission : .65 .45 

total transmission (x0.3): .20 .135 

:- total area x transmission: 0.333 0.231 m2 

Table T8.2 (corid.) 

B3SA 8A detector 
(contd.) 

• X 1.65p., H X 2.2p ,. K units 

:- noise equiv. flux on 
telescope mirror or 
b.w.: 

:-noise eq. flux for 
1m b.w. : 

flux unit. limit at 295°K: 

1.98 x 10-10  

6. 80 x 10 10  

620 

1.28 x 10-11 

4.96 x 10-10  

800 

, 	2 w/m 

w/m2u 

F. U. 

From T8.1 	the S/N 
advantage of PN1417A 
over B3SA8A is : 

when cooled there is a 
further x 13 advantage 
making overall : 

4.46 

58.0 

5.45 

70.9 

Then for PN1417A detector - 	. 

1.14 x 10 6 

3.51 x 1C11  

10.7 

0.60 

6.63 x 10 7 

6.01 x 1011  

11.3 

0.64 

p v.,  / rt.& 

crn,ifiz As* 

F.U. 

F.U. 

..  n.e.p. of detector 
at 200°K : 

:-Dit  (5,1) : with a 4mm 
area detector 

:- 	flux limit at 200°K : 
• :-4 	flux limit at 200°K, 

50 secs integration : 

f 	see P8.23 

4. 1 Hz b.w. = 0.16 sec integration 

Then for 30 sees integration, limit is scaled by x 5.64 x 10-2 
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preamplifier was noted and compared with the known source (luminosity 

curves were supplied). 	The detector was calibrated with both 

X 1.65 µ and X 2.212 interference filters; the filters were of known 

transmission profiles, the integrated transmission having been established 

(see figure F8.23). Unfortunately these were not the same filters as used 

in Tenerife. A sensitivity for the detector was established (see T8.2_:), and 

the noise for this bias was measured (where the noise exceeded the zero 

volt bias noise by an amount > 3); a noise equivalent flux power and D 14  

was then obtained. The detector was then cooled in the cryostat and the 

increase in sensitivity noted (using a local source); the noise equivalent 

power for the cooled detector was then established (T8.2 ). 

Given the telescope collecting area, and allowing for the 

transmission of the telescope and instrument optics, a limiting sky brightness 

could then be estimated. A summary of the findings is given in table 

T8.02, and the expected performance of another detector such as that used 

for the Tenerife observations (PN1417A) was made by scaling the relative 

signal/noise values given in table T8. 1. 	The estimated flux limit for the Tenerife 

flux collector 	with the photometer, dusty telescope mirrors, and the 

cooled PN1417A detector (see T8.02), agrees with the observed minimum 

error bars in the astronomical data section of chapter 9. 
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8.06 	Conclusion  

This chapter has been concerned with the determination of a 

semi-empirical function representing the signal/noise for a detector-

noise limited PbS detector together with the optimisation of the function 

parameters (the bias conditions). The function thus obtained showed 

satisfactory agreement with the detectors tested, and can be regarded 

as being representative for all such detector-bias arrangements several detectors 

were compared and one was calibrated. The best detector was selected 

and optimised for astronomical use. 

Further information particularly useful in appreciating the 

behaviour of PbS and other infrared detectors can be found in the listed 

references (R8.01 - R8.09). 
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OBSERVATIONS MADE ON THE TENERIFE 60" FLUX COLLECTOR, 

AND GENERAL CONCLUSIONS 

	

9.01 	Preliminary preparations  

Observing time on the 60" flux collector was successfully applied 

for in early 1975, and it was after this application that the solenoid system 

was replaced by the Ling vibrator drive unit, and the servo system became 

fully operational. It was also at this time that the F/12.8 optics system 

was built and new detectors of a slightly smaller size than previously used, 

were ordered. 

	

9.02 	Conditions on site  

A number of problems were encountered after shipment of the 

photometer to Tenerife; the equipment suffered in the hands of the Spanish 

customs, and also several solder joints and card contacts came adrift in 

transit; other problems included the interfacing flange holes not matching 

with the telescope bolt holes, and also the instrument flange had been drilled with 

clearance holes rather than the specified topped size holes; all these problems 

were successfully overcome during the first week on site. 

The photometer,together with its extension pipe, proved to be a 

little too heavy for the telescope such that the condition of minimum slip of 

the R.A. drive clutch corresponded to a state of considerable unbalance, then 

requiring only 1 Kg wt. force to move the telescope in negative R.A. but a full 

body weight to move it in positive R.A. The R.A. and Dec. readouts were 

found to be inconsistent, giving unrepeatable positions within a few arcmins, 

which in the case of subsequent sky R.A. incremental scans, produced 
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apparent shifting of peak signals on repeated scans, n nd in cases where 

there was no visible object in view, large uncertainties in location. 

The. weather during the observing period of 25 July to 2 August 

proved to be far from ideal, with considerable intermittent cloud on ali 

nights except for the 2 August, when observations were prematurely 

terminated by a fracture of the Ling drive unit coil winding. Atmospheric 

dust persisted for the whole period which made finding difficult when the 

moon was up, but this was less of a problem at the end of the month. On 

many nights, the intensity readings at A 2.2 µ of reference. stars showed rapid, 

as well as longer term fluctuation,corresponding to varying attenuation by 

thin cloud; on most nights the clouds cleared and readings steadied towards 

morning, but unfortunately most of the objects of interest lay close to 

the galactic plane;  and hence were early evening objects. 

Wind and the large optical aberrations in the flux collector did not 

present 	inconvenience due to the extensive field of the photometer; the 

full field aperture (measured from star trailing) was 4.0 aramins. 

9.03 	Detector selection 

The detectors did not arrive until the photometer was on site, and 

due to an error by the manufacturer of replacements for the spherical mirrors, 

the mirrors were not aluminised satisfactorily until two days before leaving 

R.O. E.. Hence both mirrors and detectors were mounted and installed on 

site. Fortunately, no particularly bad problems were encountered, and the 
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detectors fitted into their mounting blocks with only.a little packing. A 

comparison was made of all five detectors at room temperature as 

previously discussed, and signal to noise tests carried out (see previous chapter). 

Some acoustic pickup was experienced at this point, and found to be dependent 

on the orientation of the cryostat; it was subsequently eliminated after 

some selective use of araldite to fix down the load resistors and f. e.t. 

clamp. 

The cryostat behaved satisfactorily on cooling, without any excessive 

vacuum leaks; the temperature hold time proved to be about four or five 

, hours forp23o  C(room temperature). The detector temperature was monitored 

from the cell resistance, as no digital thermometer was available (although 

the detector head was provided with a thermocouple probe). 

9.04 	Alignment procedure and field of view  

Initial alignment was carried out with the laser from the artificial 

star side of the photometer in the usual way. The artificial star was then 

used to compare the field of view of the various detectors in both H and K bands 

as seen directly or through the multi-mirror optics. It was thus confirmed that 

a . 4mm detector with the F/12.8 optical system was still limited by the 

field stop iris, but that due to chromatic aberration of the reducer lens 'n', 

the image spread at K . was noticeably broader than that at H (see F9.01 

to F9.02); attempts were made to optimise this, 
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Once the photometer was mounted on the telescope, ( frontispiece  

P9. 1) further alignment adjustments of the field mirror were found 

necessary to bring the image of the primary mirror into coincidence with 

the photometer aperture step iris; the final result of this adjustment can 

be seen in photograph P9. 2, where an image of the flux collector primary 

mirror cover is seen in coincidence with the aperture stop iris. Note 

that there is some astigmatism, but the image is remarkably satisfactory, 

and at no point can the edge of the mirror be seen (otherwise spurious 

signals would be generated when sky-  chopping). The aperture stop 

under these circumstances was set to 9.5mm; the laser when placed in 

this position, with the first diagnal flat in place, was easily adjusted by 

means of the same flat, to illuminate the centre of the telescope secondary 

while at all times passing along the principal axis of the folded optics system. 

The illumination of the telescope secondary by the laser was particularly 

steady in the sky-chop mode. 

The 10" finder telescope cross-wires were brought into coincidence 

with the photometer cross-wire systems and also the main photometer, by 

location of a bright star. The normal cross-wire position was arranged to 

• be that for the image to be in the centre of the positive R.A. field aperture 

on a square-wave 4 arcmin sky-chop, and phased to give a positive maximum 

signal. The observations were all made at a chopping frequency of 5Hz, 

which was found to be as close as could be attained to the optimum signal-

to-noise for the detector when used in its cool state of ,*-# -70PC. 
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9.05 	Method of sampling 

It was found that most bright stars gave signal-to-noise ratios of 

greater than 10, with a 3 second integration time, but most other sources 

gave no obvious signal without much longer integration. The available 

chart recorder was found to be unreliable and also in view of the long 

integrations necessary, it was decided to use a digital voltmeter with four- 

figure display and hold facilities, together with a printer borrowed on site. 

The printer could be operated from the D.V.M. manually or at various fixed 

sampling rates, the slowest being once a second. After some experimenting 

the most satisfactory method of recording data was found to be that using 

the D. V. M. in the one second sampling mode with the synchronous rectifier 

time constant set at 3 seconds; sampling was continued for periods up to 

100 seconds, for later averaging. A longer time constant was available 

but not used as an instantaneous readout for monitoring was considered 

more satisfactory; by this means, interference transients and cloud 

attenuation could be more readily monitored, and accurate numerical analysis 

of the data could be carried out at a later date. 

In the case of sources smaller or equal to the field stop diameter 

(4 arcmins), sampling of the data was carried out as described, here with 

the object first in the positive R.A. aperture, then in the negative R.A. 

aperture and labelled respectively 0, -1. In the case of more extended 

sources, and also occasionally for some point sources as above, scans in 

R. A. were executed in increments of 4 arcmins from positive to negative R.A.  
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the number of increments, and of samples per increment was, preset 

according to the source. 	In some cases return scans were executed, 

in which case the data on return was treated separately as a separate 

scan. Scans were usually made in R.A., and in some cases these were 

repeated at + 4 arcmin.intervals in declination. The central emission 

source usually was labelled '0' and sometimes used as the start of a 

scan, but quite often the first scan point was allocated a negative number 

corresponding to the number of increments of R.A. away from the central 

source. 

It had been hoped to interface the 'Interdata Nova' computer 

directly to the analog synchronous rectifier output, via the available 

M.A 	boards, such that the computer could terminate sampling 

once a preset standard error had been reached, but unfortunately the 

C.A. M.A.C: suffered a major failure and was not available . 

9.06 	Data reduction  

Averaging of the data was at first attempted on an electronic calculator, 

but the calculation of standard deviation and errors in the mean proved very 

tedious and prone to error, so a simple computer program was prepared 

which averaged up to 100 data points and calculated the standard deviation 

and error in the mean. The evening's data was typed into the 'Nova' 

computer on site each following day, and all the data was satisfactorily 

reduced before finally leaving the site. 
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Further processing of the data was necessary in order to 

present the results in a form corresponding to the spatial intensity 

of the source. The general equation set up for this purpose is directly 

obtained from a mathematical anaiog of the sky chopping and scanning 

process. 

In the following argument,' n'represents the increment sky 

position, running between minimum and maximum values of 'n ' and n', 

is the 'true' intensity of the source integrated over the field of view, 

'S' is the signal output from the photometer when the source is placed 

in the + ve R.A. aperture, and 'e', 'NT' are offset and pickup voltages 

accordingly. 

This shows that for a source smaller than the field stop, it is 

sufficient to subtract the signal readings for the source in the two aRertures 

a nd divide by two, to give a scale intensity independent of offsets and pickup. 

For scans, subsequent intensities are generated by addition of all previous 

intensities, subtracting the mean each time, using the first minimum sample 

number as the arbitrary zero. It should be noticed that if the scan column 

of signal values is added in reverse order to that specifie d, then the 

resultant intensities correspond to the inverse about the datum level of 

the original intensities but displaced by one scan increment. 
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Data reduction  

A model for the instrument 

Behaviour of instrument for a star: 

Sample scan point No. Intensity 

In 

difference 

An  = I n-In+1 

signal 

Sn =kAn + kv + e n 

3 
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1 

0 
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Is 

Is 

Is 

I +I*  s 

Is 

Is 

Is 

0 

0 

I * 

I *  

0 

0 

kV + e 

kV + e 

kl*+ kV + e 

- kr+ kV + e 

0 

0 

for a set ii <n < n 

In general: 

Hence Sn  —k = In  - Inil + e/k + V E9.01 

In =In+1  + k  - elk  - V 
Sn  

4 n n 

and In = 	In+1 + 
n = 	n=14, 11 

Sn/ (11-iii-1)(e +V) 
k 

V+ e = /1( 
S  
k 
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S S /( - + 1) 
n = shn  E9.02 

hence kin  = Sa -S+kIn+1 

 

E9. 03 

  

n 

   

or k In = 	S. - S(:11.41+1)+kIAa . 
j = n 

For points far from source,= I n 	n + 1 = Is  E9.04 

1, and for a datum, I =a 0; also k = /pg 

For a star two samples taken n = 0, - 1; then from E9. 03 

So S-1 * 
= kl1 +So - = So - = So — 2 — 2 = (So  - S4 )/2  

kI 
	

= kIN
o

+S 	= S o - + S -1 	= So +S-1 -So -S-1 
 =0-1 

So + S-1 where S = 2 5 hence klo = (So - S-1)/2 E9. 05 
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9.07 	Instrumental profile correction and summary  

Instrumental profiles can be seen in figures F9.01, F9.02 obtained 

by trailing a Sco across the field. The profiles are approximately Gaussian, 

in appropriate cases convoluted by the square-wave sky-chop; the square-

wave mirror motion can be seen in diagram F7.06, as given by the mirror 

position display. The instrumental profile is largely determined by 

the final focusing optics before the detector; the profiles obtained on the 

20" telescope with the light-pipe prior to the detector approximate to 

that of a truncated trapezoid, which is a more satisfactory profile due to 

the increased region of constancy. With the Gaussian profile, a star 

near the edge of the field contributes little signal as compared with that 

near the centre; for this reason, an extended uniform field would generate a 

deceptively low signal as compared with a central reference star.' The 

appropriate scaling factor is determined below for a uniform field by 

integrating the volume under the three dimensional instrumental profile 

curve, here numerically approximated to a finite set of concentric cylinders. 

For any real source showing variation in brightness on a scale less than the 

field of view, the scaling factor will tend towards the unity value of a point 

source, but no allowance for this has been made in the data presentation. 

(a) 	Instrumental profile constant  

The interference filter transmission profiles are shown in F9.03. 

Consider a star I *= 1.0 at location k = 0 , (F9.04a) 

This, by definition of the normalised profile, gives an effective signal 

intensity/  So  = f (o) = 1.0 

(No allowance is made here for the chopping function). 
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f(k) 	( I (k)ldk 
dk/ 

+VA 

f(k) I (k) 	 E 9. 07 Then 

k.-90 
+92  

116 

In general ./C(k) = f(k) 

Consider a row of stars I (k) 

This is the area under the profile curve (F9. 04a). 

Consider a uniform field of such stars, then Zi becomes the volume of rotation 

under the profile curve (assuming R.A. and Dec.profiles are the same). 

The volume may be segmented into concentric cylinders (F9. 04b). 

2 Tr k cI(k) f(k) ck 
g a 

./5 

//z  

k.o 

where, 	S I k = intensity/area 	E i
k 

27Ti(k)f(k) k 

gk 

g a 

E9.08 

If 1(k) dv 	= I 

and the field is evenly illuminated: ik 

  

 

14 

.,5 2 11 k f(k) I 	gk 

(-102  
E9.09 

k 



= 	I '".2  

71  04) 
2 

• ( 2 — Xk2) f(k) az I x  E 

k so  

then E9.10 
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In the instrumental profiles shown, a good approximation may be made 

with only a few cylinders, 

1/1 

then the equivalent intensity for a point source in the centre 

of the field is A /E 

For an extended object ./S°  = I o  E 

for a central star 

E9.11 

From figure .F9. 01: EX 1. 6514 = 0.62 	EX 2.2 12 = 0.52 
Most real cases of sources are neither uniform nor stellar;, and so E then lies 

closer to 1.0.. 

(b) 	Scaling factors 

The intensities of observed objects and 	comparisons must 

be scaled for the appropriate air masses, in each case referred to the zenith, 

including the amplifier gain scai,ing (table T6.2). _Noise measurements must 

also be scaled for r.m.s. rectifier gain (T6.2). 

g = air mass 

p = amplifier inverse gain 
see table T6.2 

q = rectifier inverse gain 
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4k* I* = p g (S - S 	) / o -1 2 E9.12 

hence 

Io p g (k°I :) 

I 	p gN(SNo —S N_i  )E/2 	 E9.13 

(c) 	Summary 

• for a set 	n  ( n 	n  
A 

scan: 	k 	= 	S.- 	g(.fi-ii+1)+kI 

 

or 	kI n = Sn - S +k In+1 

 

E9.03 

   

n 

  

where S ,= 

n 11+ 

n =0 	 E9.04 

For a star. 	n = 0, - 1 

* k 	= (So - S-1)/2  E9. 05 
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For scaling 

o 
P g 	k°  n  

1* 	p*  g*  E (S - S/e.  
o -1 2 

E9.13 

  

where; 	E is instrumental area profile function constant. 

g is air mass ratio 

p is reciprocal gain 

9.0 8 	Presentation of the data  

Each diagram, F9.05 to F9.15, is drawn as a set of steps, the 

height of each representing the mean intensity of the source integrated over 

a 4 arcmin.diameter field expressed int./ volts (left hand scale) from,the 

detector for the settings and bandwidths used and determined as previously 

described. The scan position increment numbers appear across the diagrams, 

and the datum level is usually taken as zero for the minimum R.A. scan 

position. In each diagram, a scale height is given for 1 flux unit as 

determined by the signal from a nearby bright star, corrected to bring 

it to the same air mass as the source; the instrumental profile scaling 

constan t obtained from figure F9.03 has also been included in the expressed 

scaling figure. The error bars indicate the error in the mean for each 

mean, and the number of samples in the mean is given to the right of each 

figure. Date, object catalogue no. and filter band appear in that order 

at the head of each diagram; together with, where possible, the scale, 
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expressed as the number of flux units to 1.0A V. The characteristics 

of the interference filter profiles are not considered here a critical 

factor, and are not included in any reduction as the filters used for 

the observations were particulaily narrow band; this can be seen from 

the filter profile scans. The filter scans F9.03 also show the equivalent 

ideal flat top filter best fitting the real profile; the 3 db points are for 

equal area rather than equal transmission. Some useful discussions 

on filter radiometry and transmission profiles may be found in M. Menel's 

paper, R9.01. 
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9.09 	Discussion of the presented data  

A glance at the figures F9.05 and F9.15 shows that 

significant signals were detected from most of the objects observed, but 

intensity values appear to show some inconsistency, credited in all cases 

to variable attenuation by thin cloud. Scans in negative, then positive 

R.A. show a position slip due to the unrepeatability of the telescope location; 

the increments for all scans are determined by the R.A. position readout. 

(a) 	The galactic centre 

Attempts to locate the galactic centre vie re foiled by the 

unreliability of the telescope position readouts; many attempts were made 

by offsetting from X Sag. but it was soon decided that the time would be 

more profitably spent studying visible objects, of which the brighter nearer 

globular clusters proved particularly suited to the 4 arcmin field. The 

milky way does show significant emission (F9.15) but repeatability is not 

good; presumably the field shown was bordering on the galactic nucleus 

source. 	The galactic centre has been well mapped by Becklin, Neugebauer, 

and Low et al (R9.03, 89.04, R9.05); they have made extensive mappings 

at various infrared wavelengths and many others have also made observations 

(R9.06 - R9.11). It had been hoped to observe the infrared continuous 

extended emission region out further from the nucleus than show:_ on the 

Neugebauer map. 
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(b) 	Globular Clusters 

Four globular clusters were studied, together with two open 

clusters, most in both H and K bands, and several were scanned in R.A. 

M5 shows a particularly large flux in K (F9.05d) and some strange fluctuation 

in the R.A. scan (F9.05a); this may be explained by the particularly heavy 

cirrus that interupted observations several times on 31 July. Each step 

shown is the mean of many samples, as previously mentioned; the error 

bars shown are the error in the mean for the set, the intervals are in units 

of 4 arcmins. of R.A. 

M22 (F9.06), like M5, shows a clear core in the infrared, but 

emission extends out as far as that given for visual wavelengths, see table 

T9.02 and R9.14, R9.15. All the clusters show an infrared excess, but 

M22 less so than the others. 

M2 (F9.07) shows a surprisingly low flux in K; again this may 

be attributed to intermittent cirrus in the early evening of 1 August; variation 

in transparency are more noticeable at K and longer wavelengths than at H. 

M15 (F9.08), was not studied in much detail, but gives an H 

excess consistent with those observed for M5 and M2, and also a similarly 

consistent K excess. 

M15 has been well studied at X 10g (R9.13), where a strong 

point source has been detected, and also at X 2.411 and X 4.7;2 (R9 .12a), 

together with several other globular clusters. Table T9.2 shows the 

accepted V & (B-V) magnitude for these objects (ref. R9.14 : C. Alaino, 
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'Atlas of Globular Clusters', and R9.15 : 	A Beevar, 'Atlas of the 

1950.0 Catalogue) and the H, K, and (V-K) values determined from these 

observations; however these latter values are critical of the crossing 

points for the magnitude scale (ref. R9.02, Thomas, Hyland Robinson) 

and no corrections have been applied for interstellar reddening affects. 

Despite these reservations, the infrared excesses given as (V-K) are in 

reasonable agreement with those published by Grasdalen (R9.12a : 'Near infrared 

magnitudes and V-K colours of 13 globular clusters'); all his objects are 

small and fairly distant, limited by his 35 arcsec. field aperture. Grasdalen 

quotes a mean (V-K) of 2.2 for his clusters with a mean E(V-K)/E(B-V) of 

2.5; the uncorrected excesses given here tend to be greater, with the 

exception of M22. The letter of Hansen and Hesser (R9.12b :Nature October 

1975), describes X 2.4 11 and A 4.7p observations of eight globular clusters with 

a 10 arcsec. aperture, of which several show strong emission from their 

central 100 arcsec. nuclei; they also find that the observed infrared excesses 

may be satisfactorily explained by radiation from stellar sources with Teff  

1000°K. 

Open clusters M23 (F9.09) and Mll (F9.10) were scanned, both 

showing a central emission peak with extensive emission further out to the 

visual limit. In the case of Mll, discrepancy between F9.10a and F9.10b 

is due to the telescope clutch clipping, the agreement otherwise being 

satisfactory. Note in K, the emission is less centralised (F9.10c), though 

this may not be significant; both objects show an infrared excess. 
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(c) Planetary nebulae 

Two planetary nebulae were observed, see (F9.11) (F9.13), one 

of which, M57 (F9.11), the ring nebula, was detected at H but not at K. 

Planetary nebulae have been detected in the infrared before, including 

the 	planetary NGC7027 known to be an infrared source (R9.16), but 

more usually strongest infrared emission is observed from the condensed 

types, ref (R9.17, R9.18, R9.19). No reference has been found for the large 

planetar Y 	nebula M57 (NGC6720); the source is most likely to be 

nebular - degraded radiation from the star, but some nebular infrared lines 

may be expected beyond X 3 it (R9.20); it is unlikely that such an object 

would show up with a much smaller field aperture. 

(d) Diffuse nebulae  

It is unfortunate that the Orion nebula M42 was not accessible, 

as this has been the authors' primary concern for previous less successful 

observing attempts. M8 is a known infrared source (R9.22) and has been 

studied in several infrared bands; M17 and other compact HIT regions are known 

sources of infrared emission (R9.21, R9.23 - R9.27). Most of the emission 

in M8 is thought to originate from the star Herschel 36, and the remainder 

from the nebulosity in the immediate vicinity; in R9.22 the source is quoted 

at a K magnitude of 6.8 for an 11 arcsec. beam. Observation here (F9.12) 

were hampered by cloud, and for the 4 arcmia.beam K magnitudes varied 

between 5.4 and 4.4. for the central emission; some emission was seen 

beyond this 4 arcmin.centre which must be from the nebulosity; R9.28 

discusses expected infrared diffuse-nebular emission. 
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(e) Galaxy M31 

The central 4 arcminutes of the nucleus of M31 gave a 

particularly strong signal, again showing an infrared excess (F9.14) 

but as expected less than for the globular clusters; there is less abundance 

of luminous red giants in such a galactic nucleus than in some globular 

clusters. The (H-K) value appears negative (may be explained by 

temperature changes in the detector at the end of a run). Many galaxies 

have now been detected in the infrared (R9.29 - R9.34). 

(f) General discussion  

In all cases except for M8 and M57, the infrared emission 

may be satisfactorily explained as stellar in origin (R9.12a,b) produced 

by luminous red giants; for M8 and M57 the emission may be degraded 

from optical wavelengths by the nebulosity. 

The results obtained for globular cluster M15 (NGC7078) are 

in reasonable agreement with those presented by Hansen and Hesser in 

their letter to Nature (R9.12b). There is considerable scope here 

for further study of the spatial distribution of this infrared excess in 

globular clusters, and to the establishment of the ielevant infrared 

extinction coefficients. 
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9.#10 	Conclusion: Some possible astronomical applications  

The data has verified that the photometer is capable of producing 

astronomical results, and that it should be possible to carry out specific 

research programs using the wide-field or wide sky-chopping advantages 

of the instrument. This is particularly true for globular clusters, which 

could be more extensively studied with a smaller field while using the 

large throw of the sky-comparison for a blank sky reference, thus enabling 

such objects to be mapped more readily than with a more limited throw 

instrument. Observation of globular clusters in the infrared is of 

increasing interest (R9.12a, b); some show considerable excess at 

X 2.2 µ to X 10 pc . The available wide-field lends itself to infrared 

survey work, possibly for the study of the radio arcs, general emission 

from the milky way, and extensive nebulosity; the instrument is capable 

of operation at R to K bands, but would require some modification to 

cover the K band. 

It is most unfortunate that news about comet 1975h (Kobashi-Berger-

Milan) did not reach the Tenerife site as this would have been favourably 

placed for observation at the time the other observations were made. The 

photometer is especially suited to observation of comets due to the large 

available field; comet Kot6titek as previously mentioned was observed in 

H with this photometer on the 20" R.O.E. telescope for a brief moment in 

between clouds in January 1974, but without record. Coarse mapping of 

comets near perihelion could be quickly and easily accomplished, on a 

day-to-day basis if the opportunity arose. ( R.9,35 ) 
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9.11 	Suggested improvements  

(a) 	General optical system  

The optical system was found to be very satisfactory, with only 

a 40 to 30% H or K light radiation loss from all the combined mirror surfaces 

involved in the sky-comparison system. The final reduction lens, when 

placed in the cryostat in the absence of the light pipe, gave significantly 

better throughput and a better field reduction (4. Ornm detector field 

as opposed to 5.0mm field), as determined by the ray traces; this method 

is only applicable for the F/12.8 beam, and so a larger reduction lens 

and cryostat window would be required for F/8. The instrumental profile 

obtained with the system was considered to be rather unsatisfactory as 

compared with that previously obtained with the light-pipe arrangement; 

it is therefore suggested that when the instrument is used again for 

astronomical observations, the final reduction optics should be modified 

from that shown in F2.19 to that of F2.20. The final objective lens, like 

a light-pipe, ensures that the detector responds equally to point images in 

all parts of the original field. In order to maintain the reduction ratio 

required for the 4.0min detector, the collimation space would probably 

have to be increased togethei with the diameters of the window and field 

reduction lens; this may present some difficulty and so a compromise 

lens location may be preferred. The addition of the further objective 

lens introduces more light loss but this would be offset by a v.-Auction in 

final objective image and detector size with consequent reduction in 

detector noise. 
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The two reference lamps on their turntable were not used; 

their function is replaced by the artificial star, which has proved to be 

particularly useful for measurements of signal response, instrumental 

profile, mirror reflectivities, and alignment. With the exception of the 

direct access vision eyepiece at the telescope focus, the remaining wide 

field and offsetting eyepieces were not found practical on the 60" telescope; 

the turntable eyepieces with their view through the mirror sky comparison 

or direct system were found very useful. An indicator light system for 

the various mirror positions would be particularly useful. 

(b) 	Sky-comparison system 

The two spherical-mirror principle was considered very 

satisfactory and adaptable, while the two parallel-mirror system alternative 

discussed in chapter 5 is considered less satisfactory in its present form 

due to the more limited field throw. Several improvements are suggested 

here to increase the repeatability and efficiency of the spherical mirror 

motion. 

The armature displacement readout from the capacitance bridge 

is not a faithful indication of the mirror position: There is some flexibility 

in the insulated section of the armature supporting the capacitance plates 

and wear in the brass bearing (which should be replaced by a steel ball-

race thrust bearing); the mirror was observed to overshoot by a significant 

proportion of its throw; this was noticed from eyepiece V with the artificial 

star, and was also observed when using a stroboscopic light source. 
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The mirror-cell linkage was found to be satisfactory but the 

ball-pivot bearings had to be screwed tight to avoid any slack, which 

if overdone resulted in noticeable frictional damping on the drive unit 

armaturo. The obvious alternative to servo controlling the drive armature 

is to servo the mirror cell itself; this led to the construction of the second 

capacitance bridge with a moving vane fixed to the mirror cell armature, 

see F7.05. This system proved unsatisfactory partially due to the 

non-linear behaviour of the pivoted bridge vane gap and partially due to 

bearing slackness; as mentioned, the vane proved useful to increase 

the air damping. 

None-linearities in the servo system and consequent asymmetry 

in the armature position profile largely result from the non-linear change 

of capacitance with capacitance-bridge gap-width and possible inequality 

of the mean gap-widths; this effect may be considerably reduced by increasing 

the capacitance plate separation. Position drift was also noticed, which 

was especially bad for the first hour after switching on the servo system; 

the most likely cause is voltage drift in the rails and consequent offset 

voltage drift in the capacitance detection output stage; the bridge itself 

compensates 	for atmospheric changes. The need for as adjustable offset 

nxises from the bridge rectifier stage. This stage may be replaced by a 

synchronous rectifier circuit triggered by the carrier frequency waveform; 

this should improve the stability and the sensitivity of the detection circuits. 
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Another improvement to the servo circuit would be to provide 

finer amplitude for the reference square-wave, and mirror amplitude, 

possibly with voltage control operation such that the mirror motion amplitude 

and position could be operated from a pre-programmed controller. This 

would allow automatic scanning over the full 50mm scan field for a much 

smaller field aperture (possibly using a small detector). This facility 

would allow automatic mapping to be carried out on extended objects such 

as globular clusters (providing that the field transmission function was 

allowed for in the data processing). 

(c) 	General electronics 

The signal processing electronics could be improved to reduce 

the signal drift and improve noise rejection and integration times could 

be made unlimited by performing the synchronous rectification with digital 

up-down counters after digitising the signal via an A to D converter. 

A circuit is suggested in F9,16; although in its present form the circuit 

is probably unsatisfactory, it could be the basis for a much improved signal 

processor. An analog readout would be necessary as a monitor, while 

continuous noise readout together with the rectified integrated signal 

output could be used to trigger the closing gate on the counter. Integration 

would continue to a preset signal-to-noise; signal strength would then be 

indicated by the time taken to integrate to a preset value. An alternative 

would be to allow the 'Nova' computer (if available) to sample and average 

the signal regularly until a preset standard error in the mean is. attained. 

(This was to be attempted on site but for the untimely failure of the C.A. M.A. C. 

interfacing boards). 
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(d) 	Cryostat improvements  

The cryostat is part i cularly difficult to fill with a coolant such 

as dry ice and acetone. Dry ice made on site from CO2 cylinders proved 

to be more powdery than crushed CO2 
blocks and therefore more easily 

mixed into a slurry in the cryostat funnel, but the cryostat narrow coolant 

tube proved a considerable hindrance and should be widened. 

The interchangeable detector mounting arrangement and fixed 

head preamplifier were considered very satisfactory; the relay continued 

to operate in the cooled environment but was normally kept in the off 

position so as not to contribute to the heat gain. The thermal hold time 

was about 4 hours and could be improved (it was about 10 hours when the 

cryostat was used at R.O.E. in January 1974 at a room temperature of 0°C). 

The cryostat developed a small leak while on site but otherwise the vacuum 

seals were found satisfactory, and no atmospheric condensation on the 

cryostat window was ever observed. 

Replacement of the detector bias network by a virtual earth 

. detector arrangement would eliminate the bias noise and capacitance effects, 

and so would he a well worthwhile improvement. 
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APPENDIX TO CHAPTER 8 

8. 	Determination of the signal-to-noise_ expression for the PbS 

detector and bias network. 

Contents: 

A 8.01 	Introduction. 

A 8.02 	Detector responsivity relations. 

A 8.03 • 	Effect of bias on signal. 

A8.04 	The effect of cell capacitance and gate load on signal. 

A 8.05 	Noise sources and a derivation of a noise characteristic 

expression. 

(a) Noise for the preamplifier, (b) Noise dependent on the input 

load resistance, (c) Noise dependent on the bias voltage and 

resistance, (d) Bias supply noise, (e) Contact noise. 

A 8.06 	Determination of the bias generated noise function of bias 

voltage, resistance and bias resistance ratio. 

A8.07 	Noise sources, summaly of findings. 

A 8. 08 	Voltage dependence of signal/noise. 

A 8.09 	The voltage required to increase the zero volts bias noise by m. 

A 8.10 	The dependence on p of the signal-to-noise function. 
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DETERMINATION OF THE SIGNAL-TO-NOISE EXPRESSION 

FOR THE PbS DETECTOR AND BIAS NETWORK 

	

A 8.01 	Introduction 

In this appendix a semi-empirical expression for the signal-to-

noise of a PbS detector and bias network is obtained, including all the noise 

sources in the network. Signal response characteristics are developed 

from simple theory, while the noise characteristics are based on a combination 

of this theory and careful-  measurements. Most of the early noise measure-

ments were made with a dummy cell - (a wire wound resistor) with the 

usual detector bias network, at room temperature. This allowed more 

flexibility, and as was later shown, a real detector (the only one available 

up to the time of the observations in Tenerife) behaves similarly. Measure-

ments made with a cooled detector were more restricted, but as is shown, 

the data points agreed well with the derived characteristics (see main 

chapter 8). 

	

A8.02 	Detector responsivity relations 

A PI,S detector is a purely photo-electric device, and not a 

bolometer; for the purpose of th3 following argument, it is sufficient to 

regard it as a two state system, with a lower non-conductive, and an upper 

conductive state, neither of which is normally saturated. 



ng GROUND STATE 

1.8.0 2 a DETECTOR BIAS CIRCUIT 

Ci 

1.8.03 b F.8.0 3a 

ExCEED STATE 

F8.0 1 	
ENERGY STATE DIAGRAM FOR A PbA DETECTOR 

DETECTOR SOUL SOURCE  

B3.02a' 
ASIC BIAS CIRCUIT WITHOUT 

OUTPUT LOAQ 

BASIC CIRCUIT MOOIFIETI BY OUTPUT LOAD AG EQUIVILENT CIRCUIT 

DETECTOR SIGNAL ATTENUATION 

EE102 b 
AC. EQUIVILENT ciR<MTT 
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Detector responsivity,  

This is a well established relation (R8.03 p667) but a simple 

derivation is given here (see figure F8.01). 

rc 	= detector resistance 

ng 	= no. of electrons in ground state 

nc 	= no. of electrons in conduction state 

nc = increase in no. of electrons in conduction state produced by a 

change in energy. 

A is = is the change in detector resistance produced by A nc. 

From simple probability theory, the probable change of no. of sites in 

the upper state is proportional to the no. of lower filled sites and the no. of 

vacant upper state sites. 

A nc — n Ce 
n (n nc) 

n  2 

n2 E8.01 

   

where (n - nc) = no. of vacant conduction sites. 

	

A r 	6 n 	n 2 	n2 +n 2 - 2 n n c 	 _g___ = 	c 	
Ctr 	ar 	c 	c 

	

rc 	nc 	nc 	 nc 

or 
	n2 + n

c
2 	

- 2n nc 

n2 + nc
2 

or 
nc 

E 8. 02 



then 	nc < n, 

Arc 
so 	rc 

nc
2 << n2  

of 
	n2 

n 
	ar 1 	 E 8.03 nc 

• • • 
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Detector is not near saturation, 

But 	rc = cell resistance a' 1/conductivity 

i.e. r or n 

	

A rc 	r c , 	Ar c af 	 = Kr  

	

rc 	 rc 

Signal Lie=Arc  Ic  where 1c = Vc/r 	= cell bias current 

c = cell bias voltage) 

rc A e = rc ar r V c c  

So 	d e = K rc  Vc (Then ritsponsivity rc, see R8.03) 

1 	 g /kr 	 - E.-/kr E 
Now rc af n  and nc ar e 7 	ncT, nco e  b 	

,, (where 

E = h F he 

7'r 

E 
So A e af rc V and rcT = rcoe 

_ 	I Eg 1 
cT 	 - Then reT 

2 	 z• 	T2 	T ) 1 

E8.04 

E8.05 

E8.06 
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A8.03 	Effect of bias on signal  

see figure F8.02 

I 	= bias current through cell 

rb = bias resistance 

V = total bias voltage 

A ic  = a small change in rc  produced by radiation 

 

A, 	d r = 0 

  

 

V-rc V Ic =V = r I = rb+ rc 	c c c 	rb + rc 
E8.07 

B, re / 0 

V 	, V c = Icy  (rc  + d rc) = 
rb  +r c +4r 

V (rc  + A rc ) 

rb + rc +A rc 

Lct A e = voltage change across rb from resistance change A rc, 

Then 	e Vc - Vc 	rc + A rc 	rc A  
V 	V 	r. + r D c 	rb -F rc 

rb rc +rc
2 

4 rb rc  +rc  Prc -rbrc -rc
2 -rcAr c 

ES.08 

(rb + rc + A rc) (rb + rc) 



136 

rb A rc 
(rb+ rc r)(rb+ rc) 

let r = rb + rc 

e 	rb rc 	rb A rc(1 +Arc )-1 

V r2(1 + rc) 	 r  

E8.09 

E8.10 

 

r 

  

Ar c c—
rb A  r

c (1 

r c 

but Ar_ 
c  << 1 r 

AV = rb e Hence 	 Arc - r2 

• E. • • • • 

rb  rc 	A re  
(rb+ rc' 

2 
	rc 

Then de V rb rc  K rc, = Vc K rc rb rb   rc (rb + rc)2 E8.11a 

(see equation (9) of R8.03 p667) 

This takes a maximum when rb = rc' then 

A 

de 

 

V K rc E8. llb 

   

     

4 
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A 8.04 	The effect of cell capacitance and gate load on signal 

(see figures F8.02, F8.03) 

c. 
1 

g 
A e

c 

A e 

= cell capacitance 

= coupling capacitance 

= F.E.T. gate bias resistance 

= cell signal voltage 

= output signal voltage 

From E8.11, Ae = 
Krc Vcrb  

rb+rc 

dec rb and e = 

Aec = Kr V c c E8.12 

  

The D.C. conditions of bias are the same in modified case 

but now rb becomes rb//rg
//C

c 
where means 'in paralcl circuit with' 

rbrg/jwc 
Then 	rb becomes r r +r 	r b g 	b 

jwc jwc 

Then D e = Kr V 	rb rg  c c rg- rb jwcc+rb+rg 

 

  

• rb  rg  

 

 

rc + rgrbj  cc + rb + rb 

 

rb+ rc 

and r becomes rc  + rbilrgfiCc  

rbrg  
rg  +rb  jwcc  +(r

b 
 + r 

g
) 

E8.13 



rc  
rb 

rc 
r 
g 
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= K r V c c 
1 1 + rca LA) + 1 — + —) 

rb 	rg 

= K rc V 
(r +r )(1 +r (jc0C + —1 + —1 )) c b 	c 	c rb rg 

=Kr 
rb 

(1+ rc) (1+jcorccc  + rc+ rc)  — — rb rb rg 

rc 

rc 

E8.14 

Define parameters: 

g =tor c c c 

5 =w "V 

where W = signal modulation frequency 
and 2 = detector time constant 

e= K rc  V13  = K x V3 	r  -F;  s —1 
+g)(1  +15  + r+ s ) 	1) 	1 +g 2 (1 + 	) 

0- +13   

KrcV1-- 
13) ((1+p)2 +12r(1+(3)+,52) 1  (1 + 

2 2 -1 
IA el = Krc 	

2 t 1 + iT73  + r + sj  
(1+13)2 

+13)
2 E8.15 

But if g= 0 

   

 

't -1- A e = Krc V 	2 	( 1 + 1 -1-(3 ) 
a +0  E8.16 

    

Then 

from E8.14 



2 2 
+ 5 

2 	rl 

8  

• • 

+ 13 
(1 +13)2 

1 

-n 

1 f 

12 „2 
+82 	3 	+ 

1-1  I' 	2(1 

+ 3 2 

+ - 

+ p)
2 	2 	(1 + p )2  

I(t2 +5 2)+ 

	

(1 + p)
3 	(1 +p)3  

2 	2 

	

- 5/2 	–•••- i +p 

(1 +13)2 

KV I 	2 	1 
r 

0+ if3) 	
1 + 

rcP  
+p)2 

E8.17 

(12 + 5 2)4 

(1 +04 

• • 

1 

E8.18 
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Approximations to signal function 

- r 	 rc 	r  = c 

	

— 	— , v. r rc + rb 	
P 7-* 

.rb 	
g 	cc c 

From E8.15 

• In the absence of 5 :  

rc 	p 

	

A e 	 (1 +.13 + ) 

	

KV 	1 + p 

rcP  

(1 + (3)
2 

1+ 
2r 1-1 

1 + p 
E8.19 

 

rc13 
1 	 Y 3  

1 + 	
+ •-•• 

+ 

	

2 	13 I 
P) • 	 (1 +13)2 	(1 +13)3 

  

  

E8.20 
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rf3 

KV 
	c 

if 	't << 0, 	5 '1. 0, then Kv    (1 - 1 +p +fl)2 

if r <0, Si 01  then e r cp 	 2 
(1   ) 

KV 	(1 	1 + p 2(1 +p)2 

The signal voltage functiongiven by equation E8.15 is 	used in the 

determination of the noise function, but unlike the signal, the noise has 

several sources which must be taken separately. 

A8. 05 	Noise sources and a derivation of a noise characteristic expression  

Several sources were identified from measurements made on the 

bias resistor network and preamn: All measurements were made with the 

R. M.S. calibrated integrating rectifier connected to a synchronous rectifier 

(a) 	Noise from the preamplifier, in excess of the main amplifier noise:  

This was isolated by shorting the preamplifier input. It is the lower asymptotic 

value of the noise 7 . total effective resistance curve F8.04. 

£ 6.3 x 10-2 iV/rriz + 10% 

This is equivalent to a Johnson noise resistance of req.. = E o
2/4kTA 

E, . 2/1.282 x 10-20=: 300K. The constant will take un different values 

according to environmental temperature of the preamplifier F.E. T.. The 

F.E. T. was selected for its very low noise properties when cooled. 
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(b) 	Noise 	dependent on the input load resistance:  

This is isolated by subtracting the preamplifier noise power: 

	

2 	2 	2 

	

C(ro 	E 	Eo E8.21 

The function E (R) was determined from log-log plot F8.05, where: 

-1  R 	r// = rc (1 + g + 	) ) 

-1 1  It was found that the curve E(R)  -- 1.28 x 10-1  -112  p v/filz + 15% 

E8.22 

E8.23 

where R is in M 	, gave a good fit to the data points. 

This function agrees well with that for Johnson resistance noise 

and no other noise mechanism is required. 

(c) 	Noise dependent on the bias voltage and resistance: 

This was isolated by measurement of 6 as a function of 

bias voltage, then subtracting the zero volts noise power;  F8.06. 

e 	2 2 6 - 

	

(VR) 	 IOR)
2 
 

The log-log plots of F8.07 show that the curve (VR)- PVn 

is a good fit to the data points when n = 1.0. This agrees with that 

expected for current noise (see R8.08 p199). Dependence of this noise 

component on cell resistance and bias ratio a  was determined by curve 

fitting, the first attempt is shown in F8.10 where for a constant r 
C,  

E8.24 
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the noise voltage, bias-dependent component is reduced to a standard 

100v bias and scaled by a theoretical p function and plotted against p. 

Successive attempts guided by the following theoretical argument, enabled 

the function to be fully determined. 

No photon-generated noise was observed when measurements 

were made with a real detector. 

(d) 	Bias supply noise 

This increases as the bias supply attenuation is reduced, i.e.. as the  

bias voltage is increased and the R. C. .smoothing time constant is 

reduced. 	 It is only 

seen as excess flicker noise at very low frequency, ^,
3 2-0 

1 Hz, but contains 

high harmonics .at high bias voltages;  V 	150v . See figure F8.04. 

V = ERc 
R 

andE0  = Es  RcfiCc  

(R-Rc)+ Re//Cc 

Es  

 

1 + (R - Rc)( 	+ j w C) 

C s  
E8.25 

1 + RR  1)(1 + jtoRcC) c  

and if °JRcC >>11  and R Rc, 

c 
2 2 1  1 + (RR - 1)22  Rc C )2 	( RR - 1) co RcC c  

Then 	Eo 
-s  Es E8.26 



• 	II 	 

	• 

(1)  

C 

re 

   

   

 

(I) 

 

  

Cc 

 

     

     

     

R - Rc 

ONE ARM OF THE BIAS VOLTAGE  A.C. EQUIVALENT CIRCUIT 

F.8.08a ATTENUATOR CIRCUIT F 8.08 b 

GENERAL DETECTOR BIAS CIRCUIT 	 AC. EQUIVALENT CIRCUIT FOR NOISE  

F.8.0 9a F. 8• 09 b 

NOISE SOURCES AND THEIR ATTENUATION 



b = 	 rb + rc 
V 	E8.27, and Vc  = rb rc 

rip 
rc 	V E8.28 
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(e) Contact Noise 

This is again proportional to the voltage and seen as excess 

flicker noise, but . can be cured by cleaning all contacts. 

(f) Synchronous rectifier switch noise 

This is on the output of the synchronous rectifier and shows 

as a rectified ripple (not random), it is only serious above 5kHz, see F6.17, 

and is not a true noise. These switching spikes were detected by the 

noise meter only at these higher frequencies. 

A 8.06 	Determination of the bias generated noise. function- of bias voltage 

resistance and bias resistance ratio, 

Bias current generated noise  (see figure F8.09) 

3 = E3 V, R) 

Unlike resistor noise, we must treat the source resistors separately' but 

the current is common to both so the noise is correlated. 

tb = Eb ( rchtcth  ) 	E 
b + 	

rb 	}-1

C 	
E8.29 rb + (rc 	 fic //rg  

and (rb//Cc//rg) 	 re  
* Ec 	 41 + 

rc + (rbcg) 	 rbilccHrg 
E8. 30 
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Now 
r 	r 	 r 

— + j coc r + c = P+j g +r 	£8.31 rbilccfirg  rb 	cc r 

and r   b + jo b c r + rcficcHr 	 c b rb g   E8.32 

Then 	bx =a+p-1- (1 +Y‘÷J6)-16 b=P( +1+ t +.16) leb 

_ g _ 1+r,-JS1  E b 

	

1+13 I 	1 +p j 

-1 
and 	c 	(1+0 	+j6 )-1 c 	1 + = 	1  (1 + 	--I + 161 1  

E8.33 

E8.34 

Let the noise function: 

E = 0 f (r )17 	 E8.35 c ' c c 

and 6 b  = Q f (rb) vb 
	 E8.36 

(Linearity with V has already been established) 

now from E8.28, Vc  = V 
rc 	V 	V 	PV 

rc + rb 	1+ rb 	1 +1 	1+(3 E8.37 

rc 

V r b 	 V 
and from E8.27, Vb = r

c + rb - r c 	1 rb 

E8.38 
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+ J )-1  
Then from E8.35, E8. 37, Ec  =Q f (rdV 	(1 + 1+p (1+p)2 

J  )-1 
and from E8.36, E8.38, El)  = Q f (rb) V 	(1 + 

+  
2 	1 +f3 (1 +0 

E8.39 

E8.40 

If. the sources are unrelated: 

1612 _ 1E:12 +1602 

t2 	2 14 
QV P 	 2 I 

Hence E = 	1 +2 
+ 1
t  
3: 

8 

(1 +p)2 	(f2(1.b)-1- f (rc)2  
0. +13)

2 

and if we assume f (rb) = f ( ),where f (r ) = r 
(3 	 c 	c 

Qvg rc 1 + 2 n 	 2 	2 	1  1 2  
Then E = p 

	+ 5 
 j (1  + 2n)

(1 +p)2 + /3)
2 

E8.41 

E8.42 

E-8.43 

E8.44 

If the sources are related: 

Then El =4+ E b*I 	 E 8.45 

2 2  
and E = QV 13 	f 1 

 4. 1 +0 
2t 	t + 

 b2 	z (rc) +f (rb)) 
(1 + /3)2 	I 	 +p)2 

4 

r 
if f (rb) = f (--E- ) where f (r C  ) = r 

C I  

E8.46 

E8.43 
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QV g rc  
n 
 , Then = 	 1 

+17-g + I2 + g 
2 

} (1+ —) 
+P)

2 
(1 +02 	gn 

Asymptotic values: 

The function: 

1 1  g (p) = 	(1 + 2n )2 
(1  +P)

2 

takes the value 

g (1) = -4 = 0.35353, for all n 

2 	2r. 1  
9 and also g (1) = – (1 +2 )2  

It also has limits : 

g (4  4 0) – 1  for all n, 

E8.47 

E8.48 

ES. 49 

g ((3 	0)--> 

	

and if n = 1, g (B 0) 	1 

E8.50 

g (p) has a maximum when: 

,•• 	1 	1 	1 (1 +13)2  fp 1- (1+ A2n 
) 

2 ( ^2n+1)  2n+1
) + (1 	2 )2! 

R 
n 

A 	 1 
R (1 + 

1"  )
2  2 (1 -0) 

4  

E8..51 
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1 
n- 

 -1 •-2n ÷ 1 = Then (1 +13') (-21  (1 + 2— ) 

 

 

p (1 +p) 	 = 2  1+ 	1   
2(1 + j3 )i  

73  1+ 1 	+ Ap + 	= 213 
2(1 +p2n  ) 	 2(1 +rn) 

 

 

A 	 11. -1 	1 +3 	- 0 . 2(1 +P2n  ) 

 

E8.52 

    

When n 	, then 1)4 -> 1, g -> -4  , 

when n 	0, then G- 141 + A 4 3  A -) 5  
2(2) 	4 

 

 

15 then -> 5 ' g 	64 

 

 

The function 

   

h(a3 	 1 ) 
(1 +13)

2 
	pn  

 

E8. 53 

      

Takes the value h (1) = 

and also h 	= 

It has limits: 

2 	, 
= 2 tor all n 
2 -9 (1 + 2n) 

h 	) -> 	for all n 	 E8.54 
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and h -> o ) 	—= 1 pn-1 E8.45, for n = 1 h((3-, 0) 	1 

h ((3) has a Maximum 

• 

-Fil>2 	p (  n+1  + 	+ 	= 	n  ) 2 (1 -140 E 8.55 

(1 +#13)
7 n 

 + + 	+ n = 2 (1 + —1 ) 
3 	

pA 	 n 

ii-(3=2t3 
1+1in  

1 4 13%  -.1 	= 0 1 ±,pn 

When n -) 	, then 	1 and h ---> 

when n 	0, then 	R -) 1, h -) 

In figure F8,10 noise values were measured for various values 

of (3, at constant rc; the voltage generated component was isolated by sub-

tracting the noise power for zero volts, and then this value was reduced to 

that for a standard 100v bias, multiplied by the signal, reciprocal attenuation 

13 function and then plotted, (E8.16). 	 In the case 

e- considered, both "It and o  are negligible, and the departure of the 
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best fit curve from constancy indicates that this noise component does 

not behave like the signal function; this is as expected from the previous 

argument. The residual /3 function ratio is clearly close to 

I 2. 5 	1 
13 	

.5 	. 
2 (1 + — ) or 	(1 + 	)2, which fits well with equations E8. 37 - 

or E8.43 with the value n = 1. This data has been replotted in F8.11, 

where the reduced bias voltage noise generated component is plotted as a 

function of 13 (1 + g)-2 (1 +g 2)1; note that the fit to the line n = 1.0, is 

very _good. 	The equations E8.44 and E8.47 predict that the dependence 

of cell resistance re should then also be linear; 	in figure F8.12 more 

noise data has been plotted treated as before, but here g was held within 

restricted limits while rc was used as the principal variable. The best 

fit curve again confirms the linear rc  dependence. It may be noticed that 

the equation E8.44' and E8.47 where n = 1, have the property that a value ; 

C c  
( — ) = p 	c' )- this was used to test the data over a wide range of g, as 

in figure F8.13. 

Having established this relationship, it was realised that detector 

bias-generated noise would not necessarily follow the same behaviour, (the 

noise-generating mechanism is not necessarily the same). 

A More general noise function  

Let us consider a more general noise function to replace E8.44 

and E8. 47. 

Let e 	cell noise = P I m  r  n = r i c c 	c c 

where I = V/rc + rb 

Then the voltage noise generated at the cell 

E8.57 



r n  pin  ti+ r+ Js  
r m(1 +p)m+1 	1+p 

and E b 
Q Vr 

(1 +(3)2  

-1 
{ 1 + r+ as  

I +p 

and if E = I Eb  12  + I Echl 

If m = 1, then 
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M n = p  V  
rc+ rb 	

rc 
E8.58 

at the gate of the F.E. T. :- 

  

V  m n rb  
(rc +rb) 	rc 	rb +rc 

E8. 59 

(1+ y+ JS ) 

 

P 

Vm 
rc

n-m rb 
(rc+rb)m rcm  rb + rc 

Vm r n-m 
c 

 

 (1 + )m  (1 +(3) 

-1 

n  PV rc 13 r YEc 	
+ jg  -1 

1 +  
rc(1 +(3)2 	2 	1+j3 

1  
E 3 (lEbi 2 lEcl  2 )2  =Q vrc 	

g  
(1 +p)2 

1 	P2 r 2n 
c  

rc4  

1+ 

1 
2 

2y 2 	2 -1 
X & 

E8.60 

E8. 61 

E8.41 

E8.62 

E8.63 

1+f3 2 
+P) 
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At the time of these measurements, only one PbS detector was 

available, and so exhaustive tests on the detector noise function were not 

possible; however the bias voltage dependence of the signal and also 

of that component of the noise was established as plotted in figure F8.14. 

The voltage dependence in both cases is clearly linear, which would suggests 

that the bias resistor and detector noise functions are the same. The 

suggested appropriate noise function is therefore that given combining the 

preamplifier noise power, the Johnson noise power of E8. 23 and of either 

1 I current noise E8.44 or E8.47, but with the (1 + 1) or (1 + —2 )-,  replaced 

1 I by (a + ) or (a + 2)2  where a represents the excess noise of the PbS 

detector over its pure resistance equivalent. Then the noise functions agree 

well with that given in the literature (R8.03 equationi6),but in these 

expressions all the bias network noise sources have been included. 
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A 8. 07 	Noise sources; summary of findings: 

E 0  = 0.063p V N-Fiz at 30 Hz 	 E8.,64 

rbrc  1, = r (1 + —1)-1  = r p (1 + p)-1  E8.23; E = 128 x 10-1  r - where r - 1 	. 	 / 	//- rb+r c 	c 	P 
1.1 

In general: 

-1 	-1 	 -1 	2 -2 - /4. 6 = 1.28 x 10 r 2  13 2  ( 1  ÷ ) 	+ 2i(1 +13) + ( • + 6 )(1 + P) ) 1 

(rc  in 	) 	 E8. 6g 

From F8. 15 and E8.44 at 23°C and 30Hz: 

2 -2 1  62 = 1.4 x 10-2 V rcP (1 +P)-2  + (3 )2  (1 + 2 A1 +(3) 1 + 

s.2  (i +g2  )(1+p)-2  ) E8.66 

and 
	1E 2 =16.c12 +jell  2 +16)2 	 E8.67 

equivalent noise resistance where: a resistance 

P s 

= 

rc 
rb 
r  
r 
g 

r 
C .0 
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or from E8.63, 

-2 1  = 1.4 x 10-2  V re  13 (1 +(3 )-2a+ 2 ro+p-1)+0'
2 

+S
2
)(1  +P) ) 2 X 

(P r 2n-4 +p -1 -2)  c   E8.68 

-1 	_2 	2 	-2 -1  From E8.15: Signal A e = K rc V i3 (1 + (3)
-2 (1 + 2Y(1 + (3)-1  + ( T + g ) (1 + p) ) 2  

E8.69 

1, Let 	 13 (i + (3)-2  (1 + 2 r(1 +(3)-1 
+ (Y2  +£>

2
) (1 + P)

-2)  E8.70 

    

The signal/noise ratio at room temperature may then be expressed: 

• 

2 	 2 Ae/g = K reV)/ 2 + 1.282  x 10-2re  + k Tf1.42  x 10-4 V2  rer (a2  +( -2  ) 2 

E8.71 

at room temperature, 22°C, ki,i= 1 

For other temperatures,re  will take up different values: 

e-T/295 
r295 

and the constant in the Johnson noise term will become 1.282 x 10 2 -  x 2-- 95 
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kTf is a constant, dependent on temperature and frequency, and at T = 200°K 

observed to be tt 0.141 for the detector used;it contains a 
1  component. 

E oT may reduce in value on cooling. 

Then: 

K rc 	/i(oT +1.282 x 10-2 rvo —295 + kTf
2 x 1.42x 10-4 

V
2r 2p2(a2 +p-2) ) cj E8. 72 

  

where kTf = k (T, f) 

and a = a(f)1wherz...thereis a constant andaf-
1 frequency component. 

A 8.08 	Voltage dependence of signal/noise  

Let us consider the voltage dependence of function. E8.70 

Then 

e = V K ro  j)/ ( 0 2 +1.282  x 10 2  rAT.o: ) 

E 1+ v 1(.0.4 x 10 rof (a +p ) 2 2 	2 	-4 2 2 2 -2 

co
2  +1.282 x 10-2 riT 

295 

V A 
17 1 

+ V2 

2 
VI  

where A, and V1 are fixed parameters. E8.73 
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This function is plotted in figure F8.15 (see main text 

chapter 8), and shows good agreement with the observed curve F8.14 

The limit as V 	.de oo , of — is K All  1.4 x 10-2(a2+ (3-2) = 

and is dependent of, , but a large, will tend to reduce the rate at which 

this limit value is approached. 

A 8.09 	The voltage required to increase the zero bias volts noise by m.  

Now from E8..72 

e 2  + 1• 282  x 10-2  T r + oT 	 c k  -1211.42 x 10-4 Vm2 (a2 +0-2) r  2 2 

295 

= m2  F 2 + 1.282x 10-2 Trell 

295 	 

V 	1,2 

m 	
6. + 1.282  x 10-2T  2 	ni2_1 72,1  

2 2 r  c 295 	

1 

 } 

k1.4 x 10-2(a2  +(3-2)1  
Tf 

F8.74 

rc  

When = g = 0 and a = 1, then /' = 

	

2 1 	p2 
and (a + —)2I 

 = 1 + 
 

	

02 	p2 
)2 
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Then V 	= 
m  

1.282 

(m2  - 1)1  
k1.4 x 
Tf 

T 

10-2 

1 
rc 

+ i3)
2 

--r 
+ (3

2)2. 

2  - 1)' 

k1.4 295 

+ 
(1  
(1  

( g  

	

CoT2 (1+P)4 1 	1.282x 10-2T(1 + (3)2 
f 

rc
2 	 p (1 +132)- 295 rc (1 + (32  )2 

2 

m 1)  
2 	ikOT 295 	(1  +04  ( rc Tx 1.282x 10-2 pa. + [32 )1  

1 	 E8.i6 

E 8.75 

2 — p rc 	(1 +13 ) 	r 
(1 +13)2 	g2  (1+13)2 
----r 

( m2 _ i)'iz 2 as p —, c.v. , Vm --- 	gl 	2 	g2 P 
 

. r c 
( m2. 

2 
4)1/2 	1 and as p ---> o, Vm 	g1 	 g2 rc 
 

gl 4(m2-1)V:  .4 g2 when p = 1, V = 	X 4 + 1 m 	r 	 r— r 42 c 

The representative curves: 

Tip a+ )3)2 	(1 +13)2 

8 4 	p) (1  + p2 )2 
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and 4-27 	+(3)2  + 	(1 + g)
2 

80 	40 	0 	a +132)1 

are plotted in figure F8.16 (see main text chapter 8) and can be compared 

with observed data for two biased PbS detectors, in figure F8.17. Comparison 

of the observed and theoretical curves shows their similarity. 

A 8.10 	The dependence on (3 of the signal to noise function  

Consider the limit of equation E8.71 

e) 	K 	1.4 x 10-2  (a2  +1-2)= K  
k1.4 x 10-2  

T{ 

13  
(1+a2

(3
2 )1 E8.,77 

or for a general case: 

( m 	1) 2 	13  2 	I- 

--1 v = V 	ki.4 x 10-2 (1 + a22) 
IT1 

E 8. 7.8 

when a = 1, then: 

(Ae) 
v= V 	k1.4 x 10-2  

m 	Tf 

( m2 

(1 + p2)2  
E8.79 
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F.8.18 	THE ASYMPTOTIC LIMIT FUNCT 1 ON 3(1 +/3 2 )  
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The function 	,., 	is plotted in figure F8.18 
13` (1 + )2  

Note that at "i3 = 1, the asymptotic function (F8.18) takes the value has 

to be expected for the sum of twb equal noise sources (detector + bias 

resistors). 

In practice for large p and constant V, then 6 o (preamplifier noise) 

is not insignificant and produce s a departure of the signal-to-noise function 

from that of the curve F8.18. 	The function of 3  for a practical constant 

bias voltage V = 100v is plotted in figure F8.19, and is discussed and 

compared with the measured behaviour of two biased detectors. 	The 

expression E8.70, E8. 72 agrees with that given by Humphrey (R8.03 

equation 22) where the preamplifier noise and the bias network noise have 

been included, and the detector is not background radiation noise limited. 

A reference list is given at the end of the main text for chapter 8. 




