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FOREWORD

The thesis is based on work
carried out under the direction of Mr. P.G. Guest 1}l.Sc.
Ae Inst. Phys. during 1949 and 1950. For the first
twelvemonths the author was an Honours student at the
University and for the latter had the help of a
Commonwealth Research Grant. The thesis deals with
the developencent of new techniques for

(a) photoelectrically recording a Stellar Transit
(b)the automatic counting of interference fringes
(¢) the photoelectric delineation of the intensity
distributions of fringe patterns
and describes
a variation of the lMichelson interferoneter which used as

a refractometer will possess certain advantages over

existin~ instruments,
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THE ATM

The ability of the Photomultiplier
tube to produce relatively largze oﬁtput currents from small
light fluxesmakes the photoelectric recording of stellar
transits distinctly possible. For the same reason, the
automatic counting of interference fringes beccmes feasible.
Although its response varies with wavelength so that it does
not measure energy directly, it is superior to the photo-
graphic plate- microphotometer method of determining
intensity distributions. Consequently, with 1t a more
S|direct approach to their study might be made.
A Photographic methods have the
L;definite disadvantage that the bleckening of the pleste
is a complicsted function of intensity and exposure time.
This necessitates a series of celibration exposures whose
intensities are known. In addition, local variations in
emulsion sensitivity, non-uniform developement and plate
grain place limitaticns on the precision obtainable with
photographic photometry, The simple photocell, the Photo-
multiplier tube and the Thermocouple, when used with
suiteble precautions give a response which is linear with
respect to intensity, and are capable of giving more precise
results than the photographic plate. In point of fact,
the Bhbtomutiplier tube has been found to be of great use
in Spectroscopyfgg?3where it has been possible by scanning
the spectrum to record directly the intensity varistions
at different wavelengths. Such methods offer particular
advantages in the study of Raman spectra 4, where the fact
that the parent line is so much more intense than its

satellites causes the problem of exposures to be difficult.

The appa:ehtly great dissimilgrity
R X




between the recording of a stellar transit and the counting
of an interference fringe disaPpeers§ when considered from
the point of view of technique.

In those systems where interfer-
ence arise from the superposition of two coherent beams
the intensity veri-tion of the light 1s represented by

Q

I =4 A2 cosziﬁj

Where

=
fl

the amplitude of either wave

27 (Path Difference)/N .

I

Figure I represents this distribution.
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On the other hand the passage of
a star across the field of view of a telescope which has
several cross hairs in the focal plane of its eyepiece,

may be represented by figure 2.
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In this cese the maximum intensity
will be a function of the magnitude of the star and the
aperture of the telescope, while the time between successive
minima will depend onh the declinstion of the star end the
spacing of the cross hairse.

If it could be arranged to heve

the output of the Photomultiplier trigger a pulse at say &,




3
in figureI’then such a technique would give a count of
fringes. On the other hand if a circuit wes tripped at both
A and B in figure 2 then it would be possible to determine
the instant a star was bisected by the cross hair.

Therefore, any attempt to develop
these techniques would require some such scheme as is

represented in block form by figure 3.
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In fringe counting the output of
the amplifier might be coupled directly to a chart recorder
and the intensity distribution of the fringe system delineated.
The pulses from the trigger circuit might be impressed on tl.
record or fed into a scaler. However, the aim with stellar
transits would be to record the pulses on a chronograph
which simulteneously was receiving signals from an Astron-
omical clocke

These then are,in outline, the
problems. In practice however, the conditions were found to
be far from ideal and the difficulties th:it were struck
together with the means teken to overcome them will form

the subject matter of subsequent chapters.
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CHAPTER II

Ay The Electron Multiplier Phototube_

Prior to I936, the phenomenon of
secondary emission was studled more from the point of view
of reducing its effect than enhancing it The only practical
use to which it had been put was bg Hull in the developement
of the Dynatron oscillator. In i936, Zworikin, Malter and
Morton5 published detaills of a phototube which employed
secondary emission to amplify the photocathode current.

Essentially)amplification by
secondary emission involves the focussing of the photo-
electrons onto an electrode which has been sensitised for
secondary emission. The secondary electrons released from
this electrodebr dynode are in turn, focussed onto another
dynode., The process is repeated for as many stages as is
desired. In practice the number of steges is limited by
the overall voltage and by the difficulty of electrode
design.

The number of secondary electrdﬁs,
emitted from the dynode,'depends on the work functién of

the surface and the velocity with which the primary beam

strikes 1t & If ghere are 'n' stages, then the overall

current amplification is ideally, M= m", where m is the
gain per stoge.

It has been found7, that for primary
electron velocities lying between 20 and I000 electron volts
the great majority of of secondary electrons are emitted
from a1l surfaces with velocities lying between 2 to 6
electron volts. These are regarded as true secondaries.
Consequently, the current amplification is dependent not
only on the surface but also on the voltage existing between

gach electrode. Multipliers are usually designed to operate
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with equal voltages between stages. If then the overall
voltage fluctuates, its variations will be reflected in the
output current of the tube, so that the supply must be well
regulated.

Investigation7, of the secondary
emission ratio "m' as a function of the primery current
up to 5000 electron volts, reveals , in general, that 'm!
increases with Vp, passes through a broad maximum lying
between 400 and 800 electron volts and slowly decreases
as Vp further increases. The highest values of 'm' have
been found for composite surfaces such as Mg-Ag ( IO at
400 ev) and Cs-Cs,0-Ag (8 at 400ev) . Unfortunately, these
surfeces give off a copious stream of thermionic electrons
even at room temperature so that if used as emissive
surfaces there is a high current output even when the photo-
cathcde is not exposed to light. The noise of this current
limits the detection of signals. Consequently, a compromise
has toc be struck in order to have low thermionic emission
allied with good photoelectric and secondary emission.

8 so far found to he

The surfaces
suitable are the Sb-Cs and Cs-Bi combinations. The former
combines a good spectral response with a low thermionic
current. It is useful in the UV to Yellow regions of the
spectrum and its threshold occurs at about 6,500 A.

The latter surface extends a little further into the fed
regions of the spectrum, having a threshold at 7,500 A.
Its relative spectral response is , however, much poocrer
than the former,

Because of fhe difficulty of
thermionic emission, no satisfzctory multiplier has been
developed as yet for the red regions of the spectrum.

Sincd the photoelectric and
secondary emission is instantaneous , the frequency response

of the tubes 1s flat up to those frequencies at which the
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transit times of the electrons becomes appreciable. Tre
response to light fluxes has been found to be 11nepr9
over a range of photocathode current of IO =4 to IO
ANPETE
Many different types of electrode

structure have been designed. Twne particulcr tubes used in

all this work employ a circular arrangement as shown in

"“.‘“ \
A/ K/\ «J it s

A
0= PrFocathede. \\\40")
/0= Hocede

1-q = D_;paorh 3

figure 4.
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fige 4

B. The Detection of Small Lizht Signals

In any measureiment of small signals
the limit is determined by the magnitude and nature of the
fluctuations inherent in the recording equipnent. The
fluctustions may be either systematic or random in nature
and great or swall in size. In nost circumstances disturbances
which are systematic can be overcome with suitable precautions.
On the other hand random fluctustions which may be considered
to be the aggregate of a large number of elementery
disturbances origin~ting from a great number of unrelsted
sourfes , cannot be reduced completely to zero.

These inherent disturbances ,
which vary in an irregular arbitrary menner afe technically
described as noise. Statistically, they src charscterised
by no sherply predominant frequency.

Since noise by nature is randoum,
its treatmemt is statiscal. Again, since no information
can be given as regards instanteneous values, conclusions

mist be expressed in terms of mean values. It is 1in terias
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of these nean values that the signal 1imit in both accuracy
and detection is defined.

In the detecticn of signals with
WMR o thernionic amplifier, therrmal agitation of the
electrons in the grid resistor of the first. tube
together with the noise from the tube itself, determine
the limit. It is here th.t the signal hes its least values
In photometers developed to reveal the presence of snall
light intensities ad@itional noise arises ih the phototube.
Furtherrnore when such photometers are applied to Lstrononicnl
observation scintillation is the cause of a further randon
disturbance. This nmay be termed atmospheric noise.

When the feintness of the signal
1s such thet it is masked by the nolse remaining as the
natural limit of thé circuit, the only possible remedy
is to raise the level of the signal.

“Sirple phototube photometers
have their signal linit defined by the ncise level of
the following amplifier. The advantage of the photorultiplier
is that the virtual limit of the circuit is determined not,
by the noise of the following circuits , but by the shot
noise of the current between the cathode and the first .
dynode.

Since the smallest 1ight fluxes
found in practice are those which occur in Astronomy, the
advantages of the photormltiplier arc best revealed by
comparison with a photometer which uses a simnle phototube.
Such a discussion must be bssed on the virtual 1ight limit
of the two methods together with the delicacy and

complexity of the measuring technique.

B (i) Noise in A;wplifiers

T most fundamental and inevitable
source of noise in an amplifier arises from thermionic noise

in the grid resistor of the first tube.Here, the signal is

- )
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at its lowest. Consequently the aim in amplifier design
is to reduce all other sources of noise below thet of
thermnal agitation. These other sources are indigenous
to the tube.

The input eleiient of astrononicel
photoneters is a high resistence 'R' in parallel with 1its
cwn shunt capacity, and thet of its leads and of thc input
of the amplifier. In such circuits the external noisc alone
is inportante. This external noise is made up of the grid
resistor noise and the shot effect of the grid current.

The mean square noise voltzge
appearing across the grid resistor due to thermal agitation
is

a0
E2 =4k TR df _ _ memese (1)
2

>
I + 4782 ¢° 2

Where

I.37 x 10716 erg/degree

Absolute Tenperature

= frequency in cycles per second

I

G = =0 W
1

the dynamic input capecity of the

first tube.

Nows; there will be some velue

of 'f! for which
Substitution in (I) and integrating zives
— WO BT e e s -
ErZ 2T kTR (3)

sgainy the nean squ re noise voltage

due to the shot effect of the grid current is ziven by,

Ef = 2eI, B? v df (4)
¢ T+4n2 2 c?g?
iThere € = the electronic charze =I.6 x 10" 1% 0ulomb
I = +the grid current in amperce.
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Whence, by considerations similar to those thst led to

equation 3y

E2 =7Te I Rgf
g g

0

Tne total amplifier ncisc is

therefore
e

Consequently,if S be the signal
current , the total signal to noise ratio of the amplifier

is
2

S

( Q%E—— + Te Ig )

Fron equation (6) it follows
that to increase the signal to noise retio of such an
anplifier

(2 ) R must be made as large as possible
(b Ig rmst be nade as small as possible
The optinun resistor will be given by

R = 2kT
eIg

The signal to noise ratio will be increased by only 4006‘
if R is made infinite.

Special tubes which are
characterised by extremely smnall grid currents ( of the
order of I0O=15 ampere) have been developed. However the
input capacity of such tubes cannot be reduced nuch below
I.6 x I0"1L farads so thet if R is nade greater than I0LTL
ohrs the time constants of the circuit become unduly long.
Moreover the epparatus becomes complex since the amplifier

has to be haused in evacuated a2nd well shielded surroundings.lo

The neasuring technique is delicpteII.

B (ii ) Neise from the Phototube

I'ne shot noise from the photoelectric




I0
I2
current is given by,

T2= 2 Me I df  --=------- (7)
p
Hence, the mean square noisc

voltage produced across the grid resistor is

0
EE~ =2 ¥° e I, R2 ar__ --(8)
P S
I + 4m2R2C2£°
Cgsequently, 0
T2 = 3ol RPNRF —mmcmmmmmme -
Eg = 7elg R°M=f, ()

Where I, is the photoelectric currentand M is the

Multiplicrotion within the tube.

B (jii) Sceing Noise from Stellar Scintillotion

Astronomical photometry is
cornpliceted by stellar scintillation » The classical

13,14,

explanations of this phenonenon Is, have recently

16, I7,18
been questicned, €517,

g but, observation reveals three
distinct effectse.

(a) A real and apparently randen veriation
in the intensity of the starlight .

(b) Fluctucrtions in the position of the star
in the focal plane of the eyepilece at right engles to the
line of sight.

(c) Fluctuations in the point of foecus of the
incident rays.

A fourth source of noisc nay be
the randon arrival of the light quanta thenselves but this
is of no importance until surfaces with a quantuin efficiency

greater then 30 9/  are developed,

THe ideal photometer would
produce results whose accuracy was limited only by the
degree of seeing, of which the chief factor is ().

Tnis vari-tion in the light intensity will be reflected

in the photocurrent and hence impressed on the grid of
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II
the amplifying tubee The 'b! sfe" and 'd' effects nay
also contribute to the noise since there is a tendency
for the sensitivity of the csthode to very over its area.
In the case of the Photomultiplier where the sensitivity
is rather criticelly defined™?#20, 1bf and 'c! night be
impertant.

The intensity veristions of
starlight have been studiedzI. The nean square fluctuations

in intensity have been empirically expressed as

7% - (;-;)i)’abc* o’ o ? esmeea (0]

</

Where the intensity of the sterlizht

o
f = zenith distance
D

aperture of the telesccpe
and ¢ and b aré constants,
The frequency of these fluctuctions was found to be of the
dprder of hundredths of a second.
Consequently the mean square noise
voltege developed across the grid resistor ney be
written as

=5 _ 2 5.2
ES Asecfi IS MRS £

& is the seeing sonstanf$This means that although the
oright stars yileld more noise voltage st the input gria
then faint stars, the signal to noise rztio of sterlight
is independent of the magnitude of the star., It is
howevery a function of the altitude being grestest for

stars in the zenith and least for sters on the horizone.

B(iv) The Amplifier Linit,
Tr,e atplifier 1linmit c=n bc defincd
as thet condition for which the amplifier noise is equal to

the signel noise.

Te -ﬁ% -4—_E'§ = Eg
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whence from equations (3),(5),(9) and (II),

S _ 2# *T it W’e_z:q L
i /\’[Tfk’l‘i—ﬂsecéélji TTRL + Asec i (12)

It follows therefore thet for
given conditicns there is a velue of M such that the
phototube and seeing determninc the linit.

The sinple phototube cen give
rise to an amplificetion M by gaseous rultiplicatione.
However, the multiplication2%f such tubes is at nost I00.
Consequently, to develop conditions where the photocell and
seeing 1init the signal , large input resistors are
required with a corresponding increase in the tine constant

of the eircuit.

B(v) Noise in Electron Multipliers

The conplete theory of noisc
23
for electren rultipliers was given in I938. The final
expression for the mean square noise current associated

with an 'n' stege multiplier was found to be

= the noise current in the output
stage.
the direct component of the
input current.
is the emplification of the

rth stag

the mean square shot ncise in
the input
relative mean square deviestion
of My

nean squere deviction of My

'/»7=(}LX)ﬂZ-_._uﬁOh> = the overall multiplication
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It cad be seen from (I3) thet
the first ternm is merely the shot ncise in the first
stage of the tube. In the derivation no assumption 1is
made as to the nature of this noisce

When a single st-ge only 1is

considered the result becones,

= ,’.‘:‘ . —
7 = mrip + 2edymbof (14)
=t _I:

This equction indicates that each stage introduces a
noise proportional to
(a) the average current le ving the stoge

(b) the product 'mb! of that strgc.

The genesis of each ¢omponent of the second tern follows
inmedietely.

If the rth fezctor is considered

el M——— AF
! w1y 4 JY—f
which can be written as, 3
: - N
— 17, === Ahat
/_eezlm, H_LL-—-/?:’Vf,’_\‘p]‘:_/tm)r‘/);:7/_/’/71/ H__,

and may be represented by,
AXBxC e Tﬁen A 1s just the expression for the shot noise
corresponding to the output from the rth plato; B is the
nodifying factor 'mb" for the stage; C is the rultipliceticn
for all the subsequent steges.

If 'm' and 'b' are the same for

all stages (I3) may be summed to give,

" — = b
Fi, =M‘I‘Z +£Eln)< M-/)M/JMO it

N =y

Therefore for a given 'm' the most importent quentity is

'p', If 'b' is zero, the multiplier itself introduces no

noise but amplifies only that present in the input.
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‘Bgunation (I5) may also be written

as -

T TS A LA TR .
TR R TN by Ll — (16)

In their originsl paper Zworilkin,
Malter and Morton developed a noise theory based on the
assurnption that. the number of secondaries enitted per
primary could be any value fron zero to N. 1he probability
that an electron be emitted is n/N. If 2 is held constant
while N is allowed to go to infinity the Poisson distribution
is obtained. A oM

viz. Eﬂﬂ) = \

Where p(g) is the probability that 'y' electrons

are enltted.

Fron the properties of the 71
distribution it follows that b= (m)—I. For all prectical
purposes the Poisson distribution may be assuined.Consequently,

if the shot noise in the input current is

e S —_

‘;t' = A€ I‘_)@l"'

e (I7)
then, (I6) becones,
-3 X - MM‘I) _____ (:[8)
Ih‘“ “Lib’” Wit 1+

Under ordinary circunstances
M>>Iy so that in practice calculetion of the noise current
in the output of the photomultiplier can be based on

—5

el 2 B0 OO T — (19)

\}W- na-|

It is evident from (I9) thet
for o= 5 , .50/0 of the noise is due to sta: tisticali- .-
fluctuations in gain. In one application this veristion
in gain has been found to set the linmit td the accurscy

a
of nmeasurement,

« Private comiunication from Dr. Giovanelli, Photonetry

Division of the CSIRO, Sydney, N.S.W.
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B(vi) Comperison of the Photomultiplier with o sinple

Phototube
Fron consider:tions similar to
those which led to equation (12))thc aipplificr 1init
when = sinple photocell is replaced by 2 phetormltiplicr
can be fecund. For the same conaltions thon,
‘ 2I&T _rmeds
" \Zr:“%e[}; + hfP sec}ﬁ [ \ier ¥ prsec}] ----- (20)
A practicel value for o is =5,

Using this value (20) becoues,

N Fada 2-§o Blg
| /0 /[é'a"xro’?m ALY ‘,((ﬂ:\ £33Ho “/f#ﬂfllu:}' ----- (21)
B
Casgel AIE sec 1 =0

This cease ilay be taken zs
representing conditions in which the photoneter is used
for neasuring steady 1ight sources. is nientioned in section =
end is discussed in section C there is a ncasurable output
due to thermicnic current even at . roon teiper-tures. It is
of the order of I0~13 anpere anéd in the following discussion
this value will be assuned.

Consequently, cquation (2I)

becones,
| -, : e
/V/ /} DX w0 —4 = 20 /(/ s [y

Similar reasoning applied to (I2) gives a value slightly

greater than (22) since they diffcr only by u/(i-I).

In practice , therefore, equation (22) will give the
order of multiplication reuired to set the euplificr liuit
in both cases.

T-e general type of amplifier
tube has a grid current of the order of 1079 alpere so that
fori. az following emplifier designed about these tubes

¥

= 2x/06 7 2 xwo

4

/H

o)

/




On the other h°nq)an anplifer

employing electrometer tubes would have an anplifier 1init

defined by

I , é~/7 ) I )
Moz X0/ eXI0 T4 5

T ‘ese cquetions indicate that

the minimum multiplication is given epproxinetely by

"B : 6 )
/l///‘_] s ’eX/Dé‘ ,,/\: < [\j\< F0 s
1S

/ = <
M. = 2 x10° K R < 102

It cen be seen thet when M becoies
such thst ordinary gas rmultiplication con be used the tine
constents of the circuit begin té baconce jong. It is also
to be noticed that the mininui anplificction able to be
used with ordinasry =iplifier tubes is of the¢ order of 300

which is much too large for ges multiplication.

Cagse IT 4 sec s Z 0

If s¢ci§r= I the equ:t on gives th.

necesssry valua for L for either

(a) Fhotonetry of Zenith sters

ax

(b) The direct recording of spectrel 1ine
intensities from , sey, 2n arc source. & in this cese
would describe the noisc associzted with the sputtering
of the arc. & , in general,describes the randen fluctuct:ons

of the source.

C(i) The Dark Current _

THe dark current ney be ascribed +o
three causes24,
(a) Ohnic Leszkage
(b) Thernicnic Enission

(c) Regenerative Ionissticn
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Ohnic leckage orises fron leskage
over the deposited Cs , on the walls)and from leskge over

the base and the socket. As can be seen from figure 5

(i'ns ﬁné//@/’/\\'
4,

/

Anecle Dari Cur®nr giampb.

/ 'gh')/s/’;"/.er/ f"??’ﬂlef“l{‘ Epussron
Ve

] After
/ En_g;d'rom
/

i ./. ¥ L] A
40 6o 50 /00

Volts ber etage. _ . __

c
]
=

- 4 R

Pigure 5

this leakage is the dorminant factor up to about 60 volts
per stage. If thid 1is subject to tandon and sudden
fluctuations it can be disturbing. The nore recent tub6525
have a separate ancde cap in order to increzse the leakage
paths between the anode snd the dynodes. We have fcund
by renoving the anode lug from the socket and connecting
directly to the anode pin thet the.dark. current ig.reduced by
a factor of I0. Removal cf the anodge pin altogether has been
advised.26

sbove 60 volts per stage the
dark current due to thernionic emission becoues impert-nt.
It increases with increase of voltage per stege 4 as 1is
to be expected since it is anplified in the sane nanner as
a signale

For voltages per steage grea :r
than II0 volts instability begins. This is due to positive
ion feedback and is a regeneretive ionisaticn process. The

tube tends to break down between I40 and I80 volts per atage.
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Because of this instability it is customary to operate

these tubes between 60 and II0 volts per stage depending

on the current gain required.

C(ii) Techniques for the reduction off Dark Current

Provided equation (20) 1s satisfied

the noise of the photometer nay be described by equation (I9).

Consequently, the remedy for increasing the dighel to noise

rztio when the signal is such that it is equrl to the noisg,

is

(2) Increase the signal

(b) Reduce thc noise

In the regions where the thernionic

current is dominant the logicel apprach.© to reducing It

are

(i) Reduce the cathode arca

(ii) Increase the quantun efficiency

(iii) Reduce the temperature

To the user (i1iil) is the only practical nethod.

L. close study of the effects of

reduction has been made by Engstron. 4

tenperature

temperature variation from 440°C to —I9OQC revealed

in the signel tc neise ratio of the order of

an increese

40 decibel. The estineted linit was QXIO_I6 anpere g the

equivelent of 2 photocathode - current of 2x10=21 onperes.

A& very small light fiux indesed.

Such sinall currents require

special techniques whileh, though cornlicsted, are not as

delicate as electrometer or electroimeter tube amplifier

el cds. When a Photomultiplier tube is opereoting with
a galn of 107 it neans that for every electron leoving

N

czthode , on the averaze the sbove number rcach the anode.

the

nay be conparcd to the Geiger counter

This generation

rechanisn and the counting circuits developed for use

with then ne2y be equally as well applied to the burst of
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electrons from the Photoimmltiplicr tubcs It becoies
possibl: to count the individual electon pulsese.
The only requirciemt = is that they be counted for long

)

cnough to be statistically sure of the number of elcctrons
per unit time. Morecver if the pulses rsre observed on 7
Cathode Ray Uscilleogreph, the distribution of pulse
heights will be found to be skew, with thc majority

of the pulses small. Such snall pulses will necessarily
be due to electrons euitted fro.i the variocus secondary
stzged withla the tube and th_ir agight will be Jepeudent
on the over-ll multiplicetion they h-ve undergones. If it

inst these snanller pulses

is arr=snged to discrininste
the signal tc noise ratic nay be further incrersed.

C(iii) Coincidence Counting Techniques 327,25

flectron dultiplier tubes have
been found to posses distinct advantages in the field of
particle counting. Their ability to detect small light
fluxes has given rise to the use as scintillation counters.
T..e noise problen has been quite ilngeniously overconee.

Two or three multipliers are arranged so as to look at the
various faces of the crystal. Tﬁe output of the rmultiplier
is fed into a double or triple coincidence circuit.

Since the thernionic enissive
process is entirely random,-the chanccs of coincidences
are small. However, when a particle strikes the crystel
the cathodes of the tubes are sirmltaneously energised
giving rise to a coincidence count. In this manner the
noise level can be reduced to one or two counts per five

ninute interval.

D. Conclusion.
The characteristics of the

Photonujtiplier have been outlined in order to derionstrate

its usefullness in the detection of weak light sourcese.
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However, while it is eminently suiteble for weak sources
it ceases to possess any advantage over the sinmpnle

photocells when the light intensities are large.

Furthermore, in the red regions of the spectrum a dinple

type cell must be used.

The linitation. of signals by
noise has been treated in sone detail because noise has
played an important part in the attempt to develop a
photoelectric recorder of stellar transits. loreover, the
various difficulties attendent to the detectidn of weak
light sources by ordinary photometric neans has been :
mentioned in order to indicate the advanteges accrmeing
from a successful nethod of recording intensity distributions

and the &utomatic counting of fringe shifts.
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Chapter III

The Intensity Distribution of Fringe Systeils and the

Automatic Counting of Fringes.

A) Introduction

It is custongry to consider
interference under two headings. When the interference
effects can be considered to be due to the superposition
of individual wavelets of the wave front the resultant
redistribution of the light is termed diffraction. Cn
the other hand, when the superposition arises from the
combination of two or more beams that have originally
issued from from the same source, the redistribution
of the light is called interference. Instrunents whizh
perform the separaticn and recombination are called
interferoneters.

The patterns that arise in
interferometers can be due to a redistributicn of the
light or a complenentary pattern is foraed elsewhere. Io
the first case the brighter parts collect energy fromn the
darker portions. Although the brighter portions of the
pattern are more intense than would be expected fron
the addition of two beams of equal intensity, the nean
intensity of the pattern is equal to the sun
of tle two separate intensities. Fresnel's Biprism, the
Biffraction @rating and the Lunner Piate are examnples of
this class. However, with Newtons Rings and the lMichelson
and Febry-Perot interferometers complenentary patterns are
formed. The bright portions of the couplenentary pattern
correspond to the dark pottions of the observed pattern.

Interferonetric techniques are

developed about two essential Principles,
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(a) Division of Wevefront

(b) Division of Amplitude
With the first class the greater the area over which
the wavefront must be in phase, the smaller nust be the
angle the source subtends at the wavefront. liethods based
on this principle require a point or line source. If the
point or line source be greater than a certain optimun
value the fringes diseppear. The coherent wavefronts,
emerging in slightly different directions from the source
are further separated by mirrors,prisns or lenses and finally

brought together to form the interference bands. The Fresnel

2
Biprism and Bimirror, the Trinmirror system of Vautier 9, the

Billet split lens and the Rayleigh Refractometer belong tc
this class.

The second principle is applied
by dividing the beam by partial reflexion at a silwered
mirror. The transmitted and reflected beaus retain a point
to point correspondence so that any peculiarities in one
are also present in the other. Consequently, however
complex the original wavefront is ¢ the clearness of the
interference effects is not impaired. In general, therefore
the effects are much brighter since it allows an extended
source to be used. The interference patterns of thin £ilog,
the interferometers of Jamin, Mach-Zehnder, Michelson and
Fabry-Perot rely on this principle.

Ir special instances ,
interferometers in the second category wvan be modified
and used as an instrument of the former class. T ere is
both a division of wave front and amplitude. It has nany
additional qualitied and behaves in an entirely different
waye. The classical examnples are the pruan and Green
modification of the Michelson and the Fizeau interferonecter.
Ie interferometer developed in thc course of this work
and desciibed in a later section is anothecr instance of the

combinaticn of the two principles.
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B) The Fundamentals of Intcrfercnce.Optics

(1) Interferance

In the consideraticn of
interferometers as described in section A4 , the wave nature
of light is taken into account in so far as several
coherent pencils are combined, this becinz done in such a
way as to 2llow for their difference in phase. The
diffraction phenomena occuring at thc boundaries are not
of essential importance in this type of device.

"hen a plane wave is reflccted
from 2 wedge of snall angle the superposition of the waves
reflected from the back and front sides of the wedge will
yield an increesed or decreased resultant disturbance
depending on the phase difference of thc emerging waves-
This phase difference depends only on the opticrl path
between the two frces of the wedge. Consequently, there
will be pleces where the distmrbrincc is intensified end
others where it is weakened. Tﬁc resulting illumnination
cepends on whether the path difference at the front surl--
is an integrolnumber of whole wavelcngths or half

wavelengths. In the former instsncc, the resulting

illuminetion 1is intcnsified}in the latter instance it is

>y

weakendd. Thc eye or photographic objective focussed on
the upper surface of the wedge will sec a systeir of lisht
and dark bands. These are the equi-thickness curves of the
wedge. If the angle of the wegge is not small, the rays
at 2 given point have differcnt path diffcrcnces. The
visibility of the fringes decrcases considcrably even for
monochromatic light . Also, if the diver_cince of the
incident beam is too large so thet the prth difference
at 2 given point of the wedge is not the saae for all

> visibility of the fringes vill be iiupeired.

Conversecly, if a divergent been

to f211 on a plane parellel platec, the differencs
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in inclination of the rays gives rise to a path difference
Between the rays reflected from the two surfaces. This
path differnce is 2tcosa.
Where t= thickness of the plete
a = angle of incidencc
sand the index of refraction of the plate is the saie as
that of the surrounding mediuiil.
For those directions where
2t cos a = pA (with p integral) =---(i)

there is light. But, for those directions where

2tcos o = (p+.%‘) A

there is darkness.

Since there is coiplete symmetry
about the normal, 21l rays neking on angle ‘a' with the
normnal yield a cirecle in the focal plenc of # telescope
focussed for infinity. The fringe systci therefore consiste
of concentric circles.

Again, if thc superposition of the
two ccherent waves is brought about by diffraction as in the
cease of Fresnel or Fraunhoffer diffraction through a double
slit the sawe conditions (i) and (ii) applys. The fringes
are no longer localised at a surface of at infinity howvever;
but may be considetred to be localised in space.

Nevertheless, it Was precisely
this diffraction effect being used to produce interference
that gave rise to adverse criticism of Young's experinents.
Tire independent developerient of the wave theory of 1ight
by Fresnel was climaxed by his binirror and biprisn
demonstrations of interference. By such nethods interference

¢eceurred without the aid of diffraction to bring the beans
together.

Unfortunately, all such classical
nethods give patterns which are complicated by a subsidiary
diffraction envelope. This diffraction arises fron the

fact that the waves proceeding from the virtual sources
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are-abruptly cut-off at sone point of union in the
epparatus. Besides complicating the pattern it sets a
limit to the accuracy with which the centre of a fringe
can be judged. It was precisely this nodulation by
diffraction that pfesented the chief @ifficmlty to the

attempt to count fringe shifts photoelectrically.

(ii) Diffraction

The disturbance at a point P
situated on the opposite side of a plane screen to a source
Qs when the screen contains an aperturc is given by,

( Joos: Theeoretical PHysics p367) ‘
) TCAE) -(A (L)
e € S ==-( I)
Worme Lronr
= unit normnal to thc plane of the screen
"$= radius vector drawn fron @ to a point
of the aperture
= radius vector drawn fromn the point
to the sane point of the apcerture
ﬁ;’= distance of the point source fron the origin
of the co-ordinates
ﬁ) = the distance of the observer from the origin
k= 2 m/\
&S = element of area of the wave front.

and
1_{ 1 VL‘, hX
GlE.n) = EEom)#9(Bp) * f% P 57@“?

4 [%\_;:,/30)})1 o (xE BT
- 8 P 2 R,
where (g)r)_ are the co-ordinates of thc point of the
aperture
%, , Bo = direction cosines of the linc R

d//g = direction cosincs of the line R

If the points P and @ are situatcd

at distances such that the terns containing Ct and 7

to the second degree are small, then substitution of ¢y@;9)
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in equation (I) will exprcss Frzunhoffer Diffraction
phenomena. On the other hand, if conditions are such
that the second order terns cannot be neglected then
equation (I) containing the appropriate cxpression for
}Z&@§7)will describe Fresnel Diffraction effectse.
(a) Fraunhoffer Diffraction by N _slits.

In this case yﬁ/ﬁ,r;)reduces to

fle) = & (%D g (Fo-B

’ Let the width of the slits be 'a!
and length 'b' such that 'b' >> 'a'. Morcover, if 'i' and
'8! are the angles the incident end diffracted rays nake
with the slit then, |

Bl&, n) = & (@i €)
If the distence between the centres of the slits be !

a d the opaque pottion be of width 'c' then,
Mely 8
(N-1) 2

O I L
M=o i N

%b =
Md—g
where the origin of the system 1s taken as the centre of the

first slit and
p = 27( sini - sin 6 )/\

Integration gives
=l = M

c n
U/o = @n:?"_;w._/’,é_z e
=

where B=m( sin i - sin 8)a/\

nl-! —U‘WA A
Now,;&?’e is a

M_‘_ [>]
geonetrical progression surmed to N terns

ie (éa 5 ly ®Enp éﬁﬁclllf_e_'(¢
. 8 eany
where . -

_VWhence ,
7: 7 AuAalé 4“¢«x¢J!j
~~T —~p /5‘- /:uzmzb’
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Chse of N =2

Equation (I.iii) reduces to

7 = 47, cos*y mm’p cme=(To1v}
B)—

ie 4? - JZp & Z;
Where If =& I, cos? 5/ is the intensity distribution
corresponding to the wavefronts proceeding from two
ccherent sources. 0z the other hand Id is the nodulation
of this primery pattern owing to wavefronts being distorted
in shape by the edges of the slits. Th. resultant intensity
distribution is a funqﬁion of both Y and ﬁ « They are
not independent.

Tﬁe expression for Ip is
characteristic of interference patterns produced by two
coherent beams of equal intensity and whose phase difference
is S = ZEf o Tnis is the distribution graphed in

chapter I in wrich the pattern is assuned free of any

diffraction whatscever.

(b) Fresnel Diffraction and the Cornu Spiral

Suppose the source to be 2 line
of light of infinite extent in the 7, dircction and thet
the normal from the point of observrtion to the line
source passes through the edge of Q@ slit and is
perpendicular to the plane of the scrcen.

Iz this ¢ase B = G = 0 and

| ¢/ﬁ;7)=‘§{%+?~if. (1.%)

—

(OO =

Lt - cé ;/%(E/ +&1ﬁ).

Wihence, g T[4 ! X
czm%l([e R /fafcfd;
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Then, A

‘ _JVL
Up = Cong?"fe d sz Do)

(&)
Vv_LEV» . .
The curve z= Jr e elv. | whose paranetric equations
0

in rectangular coordinages are
v

v -
T =
x :fﬁ{z) %\/LG«‘\/ and y :jol‘f\ % v (‘IV
O

[a]

is called the Cornu Spiral.

The integrals theimselves, give
upon integrstion infinite seriesBO which ey be evaluated
in several ways. Tebles cof these Fresnel integrals for
values of the argunent 'v' from O tc 5 can be found in

2L

rost textbooks on opticse. However, values for argunents
greater than 5 appear to have been done only once.32
They are for v=5 to v=8.5.

Once the spiresl has been drawn
it can be enployed to answer a nuiber of questirns

approximately. For specific problens the tabulated values

may be used. Although tedious the nethed id most accurate.

Ce. The Intensity Distribution of the_ Fresnel Biprism

For varicus reasons but chiefly
its simplicity the particular method of producing
interferencc fringes,chosen initi.lly, was the Fresnel
Biprisme T'e fringes are easy to find. The apparatus is sirple
Tﬁe counting of the fringes produced by it night heve
advantages in applied optics.

In order to gsin sone idea of
the light distribution several sweeps of the pattern werc
made. (Figures 6,7 and 8). To select the fringes a
second slit of adjustable width was placecd at sone
convenient point along the optical bench. With

the patterns of figures 6 and 7 a low power microscope
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was focussed on the slit. The photormultiplier looked
at the eyepilece of the microscope in precisely the sane
manner as the arrangenent for the telescope.(See sectionDd
Chapter IIT) .

Since the microscope nethod
cut down considerably on the available 1lizht the technique
was changed for plot 8. In this case thc selecting slit
was placed sorie 300 cms from the biprisn end a Ransden
eyepiece focussed on the slit which had been adjusted to
a fraction of the width of 2 fringe. A length of pipe
extending froix the biprism to the selecting slit cut down

on the anount of stray 1light entering the systei.

THe fringes were swept passed

the selecting slit by mounting the biprisii on on a fine screw
travel. The output of the Photormltiplier was amplified by
a bridze type amplifier in the case of plots 6 and 7 and
figure 6 is of interest becausc it indicated that a successful
nethod nust employ 2 highly stable anplifier, The hish rete
of drift evidenced in plot 6 would never do.

Figure 7 is a later plot in
whith the instability of the aplificr was sonewhot
overconre by rebalancing the amplifier ot zero light
before each and every reading of the nillianeter. Figure
8 is a later plot in which the amplifier of figure 9 was
used. Its stability was such that direct runs eould be
made across the pattern.

It was evident,from figures
7 and 8 which, in their essential characteristics,are
identical that the nodulation of the system by the
diffraction pattern would nake the presetting of a
trigger circuilt impossibles This enveloping pattern
caused sone ninina to be greater than some naxina in
absolute intensity. In any fringe sweep therfore, somne

fringes would nost certainly be nissed.
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In order to check these
distributions the biprisn patterns were photographed
and the intensity variations recorded with a loll nicro-
photometer. Fig IO is a print of the pattern in wiich
diffraction almost masks the interferencc. Fig II is a
print and fig. I2 a nicrophotometer trace with constants
sinilar to those plotted with the Photormltiplier tube.
BExamnination of these pattecrns
reveals
(i) When the width of the diffraction bands is
large there are variations in the absolute intensity of the
naxina and ninine of interference with sone ninina greater
than sone naxina.
(ii) At the centre of the pattern where the width
of the diffraction bands becones of the sane order as
the interference fringes there is an alternation in the

intensity of the interfercncenmaxiia.

(iii) The pattern is asyj?tric j the figst

diffraction maxina of one side being greater than the

first naxima of the other.

D. Theory of the Fresnel Biprisi Pattern

The diffrection pattern is due
to the straight edge presented to the incident wave by
the vertex of the biprismn. If the systen be considerecad
fron the point of view of the two virtual sources then the
vertex B (figI3) of the priso ABC presents a straight
edge to the virtual sourcc S'. Sinilarly, vertex B of the
prism ABD 1is a straight edge with respect to the wvirtual

source S'' .
A straight edge diffraction

pattern will arise therefore at the geonetrical shadow
of 8' with respect to B , and a corresponding pattern
will arise at the geonetrical shadow of S'' with respect

to Be The extent with which these influence the -~
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cosgﬁ/aistribution will depend ofi the constants of the
experinental arrangenent. If they are such that the effect
of the diffraction pattern is small , then, at the centre

of the pattern a true cos? ¢ distribution will be observed.

_Figure I3

The complete distribution can

of
be cansidered to be the superposition, wavefronts deforned

by diffraction. The resultant amplitude at the point P
(fig. I3) will be that arising from the sum of the
displacenents of the two waves at this point with due
regard to phase.

Introducing the time factor
into equation (I) , the displacement a2t P due to the wave

proceeding from the line source S' is ‘

it _tjceg(ﬁﬁ)-mﬁ-”;j c’eﬁ(bt*:‘?) e*cl’/‘f/@&) e (T.a)
p = 2 Nab € %

[e}
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in which it is assumed thet a« = ag = O.

Since the wave front is symuetrical,
the integration nay be perforled over an elenent of the
wavefrontt%? (fig I3). Also,if the enquiry be linited
to points not too far from the geonetrical shadow, the

32

obliquity factor and the decrease of amplitude with
distance may be neglected. For large distances frow the
geonetrical shadow, the following treatiient will represent
the conditions approximately. Rescrting to real quantities

equetion (I.a) becones,

u:b = A'ccs 27 (vt :/%) j/g"’ = 81’(/‘/3) J&  H e a7 (vt - jm_q‘e%/(bi /((‘r.

Where A'= the anplitude of the incident wavefront

D = (a+b)
Sinilarly the displacenent due

to the source S'' will bhe ﬂ

W= cesanfie - “Ppﬁ7wﬁmw¢J
A% afie2 - .fﬂyrwwwyai

T::c resultant erplitude at P is

therfore,
uﬁ + uﬁ'
Assuniing for sinplicity thet
the amplitudes are equal and letting,
/@ —27/’/&:"—-
§ =L (sP-5"F)
/
o« =j — Z_"'gt/(é)d(i'
£ ag
Y 4 oo 9 () etk
X = /Oca—gi/ct)drk

Y- jfm%’ﬁ/})m(t_
A R7T) T

é<ﬁ mt>£7’bt-bf—9)

XA )(cm__jf\j-/yow;g B
Y+ Yoo S + Xan S




and ,' _
2 1,2 . —2(xY=yX)smé i
([&=H;361+jl+x t\/ +,g,{f/Y+x)()(055 2( _\{ y) (T od)
Bquation I.b represents a
vibration having the same period as the original wave
but a different amplitude and phase constant. The phase

constant is of little interest but U2 gives the intensity.

0,
¢/}) n+b) Ct G+b}

Transposing to a new variable

Since a = Gy =

'v! as in section (B.b) equation (I.d) becones,

(Ived
aﬁ%—-(f/mun #1150 242 (mMeniY)eord - Bﬂﬂf‘"’””}f/”ﬁi

’ v l

3
afma F v M :/mgv%w
(4]

(o}

Vhere,

v’ =3
Jv7rvdv N = 0mmgva_

i In particular problens it is
better to consider distances X' and X'' on the viewing
screen, where X'=0 at the geometrical shadow of S' with
respect to B and, X''=0 at the geonetricrl shadow of S'!
with respect to B.

Fron Figure I3, %f x !
@ B
so thet,
o X'= u”/—‘éﬁ;—
/ 2a
The natural origin of the
systeir 1s at O , the position of the zero order interference
fringe. Since i%fyz '5/24‘5%9 , where A is the angle

of the biprism and p is the refractive index, and since

0z’ = 07" = &F

o ;é%D {b//{ W?-x] ~==(I.f)

But distances 'x' from the origin

v! becones,
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aa(p-nn .
D

where 'n' is allowed to teke any real value positive

0 are given by,

or negative.

Therefore equation I.f ipay be written as

J———— 4 AN
SAd o [eab(u-rA” —Y\} aee(I.8)
/864‘)(}(-/} f) AD .

Sinilarly,

Pﬁéﬂu’/) ik >\‘D

Now, when 'n' is integral

‘7’—\_7) a?&é/,u’/)ﬁ +m} ezl T B

224
-vn/\ax: 7 //77 Ny R ATy /m/‘j.um/)zngl'“-(l h)

is the condltlon for a bright interference fringe, while
if n be helf integral,

lilaér\/ 2 2 2 L /\/

228 [ 20ty o 2 (N =nM)ocnd| --—(1.k
'Z;,n 2D n"FEl /’ ) e=m{Lek)
is the condition for a dark fringe.

Morcover, when 'n' is zero,I,

is given by(I.h)end since v' = v'' , =M and n=N so

,Z _ -’—?5%5—@()»7 »nj[/%msgj

squation (I.1) corresponds to
equation (I.iv) of section (B.a)
Again, v' and v'' are zero

when 'n' as given by
206 (m-)*A"
AD

is positive or negative respectivelyy, so thet the

geonetrical shadow is defined by (I.u). &lso,

aé\ {/7 +A/1f'

With the aid of equations (I.e)
and (I.g) and ghe use of tabulated values of the Fresnel
integrals, the expected pattern for a gilven set of

experinental constants can be plotted. It is sufficient
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tc work with integral and half integral values cf 'n'.

The best procedure to follow

is to deternine v'! and v'!' fron (I.g) for particular
. Aladd 2D j:
values of 'n'. Since Tz  is constant, values OfA§E6A :

nay be determined from (I.h) 2nd I.k depending upon
whether 'n' is integral or half integral, and the values
cbtained plotted against 'n'. Figure I4 is such a plot in
which the experinental values cf figure 8 were used.

Its general cheracteristics
are in harnony with figure 8. in \asyd?trical nlot in
which the different intensities of the scurces S' and &'!
was taken into account was not attempted.

This asym@try appears to arise
in the Biprism itself, for it seeuned to be independent of
the alignenent of the subsidiary couponents. Since it
was considered to be a minor point a systenctic atteipt

at determining its origin was not carried out,.

. Fresnel Fringes with a ilichelson Interferoneter

These intensity plots nede it
evident that if an autonatic recording apparatus for fringe
shifts was to be developed, sone ileans of producing Fresnel
fringes 4 free from diffraction nust be used. The only
method satisfying this condition appears to be a
denonstration experiient of Michelson3? in which two
nirrors at right angles and 2 slit source at a very large
distance 1s used.Howevery, the standard three nirror systen
of Michelson can be adjusted to give a pure c052 ¥
distribution.

The fully silvered nirrors M,

and Mz (figure I5) are adjusted for white light fringes
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using an extended source. This conditicn iiplies thet
the optical and linear paths tec the nirrors are cxactly
equal. If the broad source is replaced by an illumineted
slit and one or both of the fully silvered nirrcrs
slightly turned about an axis perpendicular to the plame
of the apparatus and parallel to the plane of the slit,
two images of the slit are formed. Fresnel fringes nay
then be observed by looking at the images with =z siople
ocular.

Tre beat fringe visibility is
dependent on the images being parallel and vertical. This
is most easily ensured by throwing white light onto the

systen and adinsting the tilt of the nirrcrs until the white
localised fringes are vertical with the central black frin:ic
in the centre of the fully silvered nirror.

The epparatus becories e virtual

Fresnel binirror. Nec diffraction occurs since the point
of union in the systen is itself virtual. If A Dbe the
distance of the slit fron 'M' znd B the distance of the
eyepiece from M' and & the =ngle between the nirrors

then,

Y < 210
A+ 8

Where 'x' is the width of a fringe.

2C .

Figures I6, I7 and I8 are prints
of interference patterns proaucea Py Tnhls nethod. ln fig. o
the fringes are gquite brocad while in fig. I8 they are quite
narrow. Figures I9, 20 and 2I are nicrophotcneter traces
of typical patterns . While the intensity tends to fall
off for fringes of large order , diffraction 1s ebsent.
Llthough the method involves both a division of wave

Zhe Fringes

front and amplitudgﬂfall neither into the Twynan and Green
nor the Fizeau class. They are a pure cos%f%ype with the
dark and bright fringes of equal width, and epproach the

ideal of figure I , chapter I.
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F. The Guest Interferoneter_ .

L considerntion of FigureI5 will
reveal that if the fully silvered nirrors are caused to
totate on a circular arc the centre of which is at the
half silvered edge of the bisecting nmirror , then, the image
of My namely M) rotates in the cpposite sense to M. ity

initially, the nmirrors Mj and Mp are at right angles ,

I and M} rotate about an axis which renains on the optic

axis cf the apparatus. Therefore the slit inages remain
symnmetrically disposed about the optic axis and hence, the
fringe of zero order remains central.

Since it was felt desirable to
be able to mount the interferoinetcr on an optical bench, the
design was carried out with this in nind. Figure22 is =
photograph of the interferorneter nountcd on en optical
bench.

The supporting pillar carries
a circular plate, IO cis in diameter. In a circular way
of 8 cns in dianmeter on this plate ball bearings are set.
An additional circular plate which carries the fully silvered
nirrors rides on these ballsy about the pillar as axis.
On the top surface of this turntable are further balls
in a ring 5cas in diameter. A rectangular block to which
the half silvered plate and the compensator are fixed
presses on these balls 2nd is locked to the pillar. Tiw
half silvered airror can be adjusted so thet the axis
of the turntable passes through the silvered edge.
Tc facilitate adjustment for white light localised fringes
one of the fully silvered nirrors is nounted on weys.It
can be moved some two crms about the zero position. Rotation
of the turntable is effected by :cans of a tanzent screvs
With it, any desired fringe separation can be sttained.

The nirrors nust be optically

flat. In the developenental model the mirrors used were




38

made from not very flat optical glass. With these, it
was found that adjustnents for high contrast between the
light and dark fringes were very critical and unique

for a given fringe width. The visibility could not be
naintained for =211 angles.

Now for o constant N and fringe

JH3

Since for optimun visibility

width,

there should not be an inherent change of order greater
than one fourth's, the change in & due to the tilrrors

not being optically flat must not be greater then,
A+8
o |

That isjthe optical tolerance

If a>>b
Vo d 2
5 Fgx

is inversely proportional to the fringc width. T-o
broader they are the ore optically flat the nirrors

must be.

It a=b of & __>l.
2L A
While the inverse proportiona™”

still holds the tolerance on broad fringes 1s doubled.

If a<<b

P == ﬁx

Which weans that for = given
fringe width the tolerance is dirctly proporticnal to
the distance of the wyepiede from the nirror Mi.

T.erefore the best experinental
conditions for viewing the fringes are
(a) Mirrors flat to one tenth of a frinz-
(b) The prinary slit at avery small
distance fron the fully silvercd nirror. This can be

effected by focussing a real inage of the slit at soue
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position close to the surfacé of the fully silvered
mirror.
(e¢) Thc ecyepiece at a large distance frou

the nmirror systen.

G« The Counting of Interference Fringes_

4t the tine of writing the
optical flats for the mirrors have not been coipleted.
However, test runs using the original nirrors have
shown that the counting of fringes can be successfully
- perforned.

The output of thec photormltiplic:
was,after amplification,fed into the trigger circuit of
figure 23 which in turn was coupled to a sceler.Since
the counting rate would not be much nore than 20 fringes
per second under normal condithons a high speed nechanical

counter or a scale of two would be quite sufficient.

H. The Interferc.eter as & Refractoleter

The uost popular forus of

. 2 @ P e v
HGd THpeny wl wd LI LD s

Reffééfoﬁeter appear to be the Rayleigh and the Jamin.36
Two others, nanely the Hach-Zehnder3an the Iiichelson
have been used but rarely.

The Rayleigh , Janin 4 and Lach-
Zehnder are sinilar in that they mnake use of Frgsnel-like
fringes. The Michelson , however, euploys circular fringes
at infinity. In any nethod the accuracy of a deter:iination
is dependent on the error associated with the estination
of the centre of a fringe.

T:e peculiar disadvantage of
the Rayleigh arises from the use of two slits as the

coherent sources. If these are separated by any great

distance the fringes becoirle extreilely narrow . To sorie

extent this is overcome by the use of a cylindrical
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eyepiece,which, since it nagnifies only in one plane
effects a great saving in 1icht but even so, the slit
separation linits the size of the gas holders.
Nevertheless, the great
advantage of the Rayleigh lies in the use of a fiduciary
set of fringes. When any displacenent in the working
fringes has taken place, an angular displacenent of a
compensating plate returns then to coincidence with the
fiduciary set. When rnonochronatic licht is used the zero
order fringe is identified with the aic of white 1ipht
fringes. lMoreover, this. techniquc has the further
advantage that it is independent of eny change in the
systerr as a2 whole. It is claiiled that with practice a
setting to one fortieth of a wavelenzth can be achileved.
Again since the Rayleizh eimploys slits it can be easily
used for extended ieasureuents with a rich source, which
is ilmpossible with the other types where ilore or less
broad sources are required.

Trie Jainin interferoneter in
which the coherent beans arise by refraction and reflexion
also linits the separation of the gas helders. Tre
chief difficulty is the one of meking the plane parallel
slabs of glass which must be uniforu and of exactly equel
thickness. slthouch the latter disadvantage , it is claineds’
has been overcone,the use of a2 cross wire setting limits
the accurecy of the instrunent not only throuch personal
error but also throuch the fact thet chenges nay have

occurred in the systeir as a whole relative to the cress-
wire.

The llach=Zehnder interferoueter
which is designed about four plane perallel slabs of
zlass placed at the corners of a rectangle does not
restrict the seperation of the gas holders. However,

like the Janin, it requires thet the glass slabs be

gccurately plane and of equal thickness. ilthough,
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there is no obvious reason why a fiduciary set of
fringes cuuld not be erployed the riethod used is that

of cross-hair settingse.

Like the lilach-Zehnder the
Michelson places no restriction on the separation of the
gas holders but possesses the additional advantage that
since the light passes twice through: the holders it
effectively doubles then. However, the use of circular
fringes causesthe deternination of the fringe shift to be
difficult since cross- wires or fiduciary fringes woculd
not be practical.

It may be safely ciaiied thet
the Guest interferoneter possesses the overall advanteges
of these refractoneters without any additional cciplications.
Since the llichelson nirror arrangeilent is employec, the
fringe shift will be related to the the refractive index
by

2(p=I)L'= pA
where, refractive index
length of the geos holder

= the wavelength.

& fidueciary fringe systen nay

be easily arranged and aince a slit is used sources rich
in lines can be accomrodated. The fringe separation
can be varied at will by a slight turn of one or both
of the fully silvered nirrors.

lloreover since the light peth
is doubled the inherent accuracy is twice th:t of the
Rayleigh. In addition since it is possible to count the
fringe shift electronically and at the saie tine to
record the distribution it nay be possible by the use
of very broad fringes to set on the centre of & fringe

with a greater accuracy then one fortieth of a wavelength.




3. Conclusion

It may be possiblesusing

techniques sinilar to those developed in the course of

this work, to meke a close study of two phases of Physics

which are of both theoretical and experinental importance,
namely,

(a) A redeternination of the Refractive Index
of gasese.

{(b) Michelson Visibility Curves with regard

to line broadening and fine structure

(a) In the first case, an accurate
knowlodgcof the refractive index of air has Spectroscopic
applications. Again, there is still doubt as to the correct
relation between the refractive index cf o gas and 1its
density especially when there is a tenperature change.
llopeover, there appears to be soile connection between the
refractive index of an elenént and its position in the
periocdic table.

A Refractonmeter using Fresnel
fringes as 1in the Guest interferometer could be easily
designed. The best arrangetient would be that of Vautisr.
where the various components are mounted on separate
stands. The stands carrying the fully silvered nirroos

would need
(1) an arrangeiient for rotaiing the nirrors

about a vertical axis.
(ii) Rightangled levels and level adjustiients.
(1ii) Screw travels which moved one nirror
along a line pérpendicular to the plane of its face
and the other atong a line parallel to the pl.ne of its
facer The length of travel need not be ilore then 2¢iS.
Tie stands could then be set at any distance deternined

by the size ~f the zas holders.

(b) The llichelson Interferometer used os




42

an instrument for studying the homogeneity of spectral
1ines has been considered obsolete for fifty yearc.
However. il resolving power is considered to be the abi..
to interpnret the form or distribution of the source
and not “he abili v to distinsuish completely the
components of a source then, the ilichelson theoretically
possegses nnlimited resolving power.

Ir essence, lichelson's nethod3?
consisted in making visual estinates of the clearness
or visibitity of the fringes at variois peth differenceg

The visibility was defined by,*®

v = I = L

nax nin
Imax * Imin
Where q
Tnax: intensity of light at the centre of =

bright friage

T Intensity of the l1light at the centre

min =
of an adjacnnt dark fringce.

so that the fringes had the greate:
clarity whew V = I and the least when V = (.

If the source were pcrfectly
nonochromaticthat is, the line was uathematically sherp,
a plot of the visibility for various path differences
would feveal a straight 1ine. olnce it is physically
impossible to obtain a perfectly sharp line the visibilit
curve obs=vved is the resultant of those arising from
a number of homogeneous sources of different intensities
and frequencies. Hence, practical procedure requires the
analysis of the observed curve into its Fourier componeiiis
Provided the orici:cl line or group of lines is symnctr’c

Vs . ; i 4T

this will give a unique correct results  This analysis
I . i 42
lilchelson perforred by means of his 'Harnmonic Analyser’

and with it was able to infer the character of prominent

spectral jinzs with an accuracy thet has not becen exceeced
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Shortly after I966,the ethod
108t face for reasons which are sunnarised best by
Michelson himself?

(a) '' It requires a very long tine to make a set
of observations and we can exanine only one spectral line
at a tine,

{b) The nethod of observation requires us to stop
at each turn of the screw and note the visibility of thc
fringes at each stopping place.

(¢) During the comparativelly long tinme it takes to
do this the character o:f the radiaticins may themselves
change.

(d) There is troublc translating the visibility
curves inrt distribution curves . Hence it is easy for
errors to creep in.

Apart from these objections the
high resolution instriments that were developed about this
time by Fobry-Perot and Lurmer-Gehrcke led to its being
discarded. Another difficulty with the rethod is that the
circular fringes et infinity becoile very snall when the
path difference is large causing the visibility estimatiors.
to be even harder.

A nethod of surnounting this

difficulty howevery, has been suggested by williams4?

He proposes the use of Twyman and Green fringes.45 These
fringes can be arranged to any monvenient size anc
provided the ways on which the nirror moves are sufficiently
true keep the sane seperatidn independent of the path
differences this is equally true of Fresnel fiinges
chtained by the nethod of section E.

Consequentty, the photorultiplie:
tube lends itself to attempting a direct record of ghe
visibility curve with simultaneous counting of fringes.

hdapted to studying the complexity of spectral lines it
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would most probably be only of historical interest

but may » <sess possibilities in the study of line

broadening and the fine structure of Raman satellitess




CHAPTER IV

The Photoe%&tric Recording of Stellar Transits.

(A) Presant Methods of Recording a Transit__

(i) Introduction

hen a star crosses the meridien the
apparent sidereal time at that instant 1s equal to the
stars Right Ascension (RA). Consequently, the determination
of time is limited by the accuracy with which the Rh of the
star is known. Conversely, the accuracy with which the RA
of a celestial body can be calculated is fixed inter
alia by the accuracy with which the sidcreal tine 1is
known.

Tie transit instrument is especially

designed for such worke. It is a refracting telescope
which has in the focal plane of its eyepiege an odd nunber
of vertical wires. Its nounting is such that 3t is free to
nove only in the plane of the meridian and ideally, the
central wire always lies in this plane. Iii hractice, the
observer watches the passage of 2 star across the field

and defines the instants that the star is bisected by a

cross hair by transmitting pulses to a chronograph

which sirmultanecusly, is receiving signals from the clock.
These observations are usually
made on the brighter stars,called the clock stars, whose
transits have been recorded over many years. T-e accuracy
of their positions has been repeatedly improved by
successime approximation so that by using them to determine
the transit instent, the error of the clock can be inferred;
Consequentlyy,if the rete of the clock be dalculatod by

observetions of the sane star on consecutivec nights the
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differences of RA between pairs of stars can be obtained.
Thus, a series of differences of RA can be obtained.
this manner , with any given instrtuient, a series of
places can be observed and by comparing observations
different epochs the proper notions of the stersz can
deduced.

The advence in the neans of
keeping tine has been such as to outstrip the means by
which it is determnined. Tre pendulun and crystal clocks now
in use are such that intervals of tim€ can be neasured o
within a few parts of a millionth of a second. On the other
hand, the internel probable error of a transit cbservation
is at least ten milliseconds.

Although these clocks have
extremely high precision they are not freefromn sudden
changes of rate and small irregular fluctuations in rate.
These irregularities which may be of the order of IO to
20 milliseconds cannot be decternined accurately by
observations which may be in error by as rnwuch as 50
milliseconds and which are spaced irregularly with
sometimes geps of deys. It follows that any iarked
improvement in the accuracy with which stellar transits
are recorded would lead to a bebter conteol of these

irregular fluctuations.

(ii) The Sources of EBrror

The principal sources of
innacuracy associated with time deterninations are due to
(a) Iﬁstrdmental Errors

(b) The Observer
While instrumental errors in nost cases are the chief
source of error attempts are being made to design

46
instrunents which reduce them to the second order. Indeed,

. 47
the Zenith tube in which the instrumental errors arec

reduced to a nininmun has been in use for a nunmber of years.
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Nevertheless, the inaccuracies associated with the observer
rnay vary froil night tp night or even during the course
of a series of observations. They can be ascribed tc two
causes.

(i) The Personal Equation

(ii) The Maznitude effect.

(i) Tre Personal Esuation _

The most populer trensit instrunen:
48

nakes use of an ''impersonsl '' micrometcr eyepiecce. As the
star noves into the aperture the observer bisects it with

a guide wire and follows it across the field. The guiding

can be either nanually contralled or notoe driven with the
observer nenipulating a fine control. At intervals defined

by the revolution of the drive , electrical contact is made

and the pulses fed to the chronograph.

The personsl error has been ascribed

to49
(a) Bisection Error

(b) Following krror
The forner arises when the wire is set to the right or left
of the centte of the inagey, irrespective of the direction of
notion of thc ster in the field. Provided the¢ angular error

of bisection is independent of the speéd of the ster , this

errcr is proportional to sec SD , where S,is the declinaticn

The latter occurs if in the observation of the moving
image the wire is systematically set either in front or
behin@ the centre of the image. It also varies as sex & .
For the najority of observers thc
bisection crror is lerger than the following error . Wherc
the greatest accuracy is desired , it is necessary ta
geternine the absolute personal dquation of the observer.
This may be done by a personal equiati on machine which makes

50

use of an ertificia] star.
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(ii) The Megnitude Effect

This effect is systematic and
dépends on the brightness of the star observed, faint gtars
being judged correspondingly late compared to bright ones.
It is peculiar tothe tap ﬁ%hod of observing and 1is of very
little importance if an impersonal nicrometer is used. T
equation is also a fanction of sec 5 o

In ordcr to overcome these
sources o f inaccuracy there have been any attempts to
design entirely impersonal instrunents. While nany possess
distinct advantages they thenselves tend to introduce new
errors and are in general complicated and expensive
arrangeilents. As has been nenticned, the photographic zenita
tube hes proved the most successful of these atteuaptse.
Its dis@ppointing feature however, is thet it requires the

observation of stars much fainter than the standard clock

3 . t (] o+
sters which means that their pogflons are not so accurately

known.

It would be a distinct advance if
soile neans of impersonally recorfling a stellar transit could
be developeds. The Photorultiplier offers a solution which
if successful could be easily and econouivally acdapted for

use with existing instrunents.

(B) Steglar Magnitudes VIsible to a Ph

attached to o 5%'' Refractor.

If it is to be possible to follow
up the ideas of Chapter I the Photomultiplier tube tmust be
capable of ;iving easily detectable curpents fron the clock
sters, which arbitrarily will be essumed to be not less th-wu
the 6th nagnitude. T'e tubes used in this work were found to
possess a dark current of the order of IO-IB anr=ere so th
the following discussion this value will be assuncde. It is
also inherent in the discussicn that the multiplier is bcin:

ocperated with sufficient overallvcoltsge to make the noise
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level a function only of the cathode current and the
seeing corditiors. Conseguently using the results of

Chapter II the signal to noise ratio is given by
1

G~

Consideration of the dimensions

of ecquation (i) shows that A must have the dimensicns of
Time. One figure given for A at Mt Hamilton U.Sehs. is
9 T03 seconds.SI This from the point of view of order
corresponds to values of IO“2 seconds at Utrecht.52 Fron
personal observations on a Cathode Ray Oscillograph at
Sydney the scintillation frequency eppears to be of the
order of hundredths of a second. Consequently, a value of
IO-2 seconds for A will be assuned.

Now there will be sone value I,

of IS for which

18
L Te (It i'l;)ﬁ, = %].secé—f‘ 7%

-
That is,

|
s
I = 213 XID [’ 4 (/ + MRQMPQ';&—(:L]'.)

z B/Hsecc\z R 13x 107

Since the semsitivity of the
Sb=Cs surface of the 93I-A is about IO panpere per luien

equatzon (ii) iay be written in terms of luninous flux as

.
(}% ] 21/ X10 {' +(’ + 4Itﬂm$) !Lumﬂ"— (1ii)

- 2/‘?Secc§, 213 X107

If 'n' be the nagnitude of =2

G

star and 'D' the aperture in inches of thc telescope then,

53

the light flux in luaens is given by

2.5 £og,, § = Sfddf,ob —m = B2 43

Tﬁerefore,

2/3)(/0 ( (/?:ec' 52
me: S'fgmb K43 = ‘35 y)’)ér] ecg s [/" 3/3110"7)' (v)
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Specifically, this neans thet for
stars smaller in magnitude than 'oy! the tube noise
linits the sccuracy.of measurenent. On the cther hand when
magnitude of the mtar is greater then 'uL' the precisicn
is determined by the degree of seeing. This linit ney be
reduced by

(a) Increasing the aperture of thc tclescope
(b) Decreasing the thernionic dark currcnt
(c) Confining observations te sters of fairly
high altitnde.
-I3
when D = 53'' and Iy = IO
anlpere the seeing noise of a 5.8 nagnitude star will be
equel to the phototube noise while reducing the dark current

bl

b6 TQ anmere requires an 8.I nmagnitude star to set the

sane conditicne.

It follows theffore, thet for

stzrs of macgnitudc nuch greater than ‘i, ' equation (I

becones
- /

i -./?4¢5/aac;f

£lso since the reciprocal of the relative root nean squarec

error of measurenant 1s equel to the sifnel to neoise ratio
the probeble error of 2 neasurcient is given by,

E = 0'6746‘,f;?;§j5;zzg_

{4, o10)
This means that on a particular night , Tor a given
declination the probable error is independent of the ne nitn-
of the star but directly proportion-~l to thc band width of
the neasuring equipnent.

On theother hand fcr stavs less
S -
Py = S
2 (rsen FZ) hfE

sO that, for a2 given band width thc probable error of = sinyle

cbservation increases with zenith distance in cese A but

with dircrzzpins magnitude in case B,
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Since the nininun stellar

nagnitude visible with a telescope of aperture D is given

approxinately by
1= 9+ 9 logrg D

the ninimun nagnitude visible - ith a 5%'' fefractor is
I2.7. Consequently, the calculated velue of i, is well
within the visible 1liwits of the tclescopey and althouin
the efficiency of the multiplicr is only helf thet of the
teclescope it will give recognisable outputs from stars of
the sixth nagnitudc or great.r.

Since the efficiency of the
Multiplier is a function cof the bendwidth of the fallowing
amplifier -nd the dark current of the tube it can be
censiderably increasced by reductian of one of both of these
factors.

In nhotometcers where use is
riale of 1light chopping nethods or the incident beei: is
from an AC source the band uidth is deteri:inec by that of
the BEC anplifier. The noise equaticns differ conly by thce
introducticn of a nodulation factor. It is possible to design
such an eamplifier with » bendwidth of I cps 5% ~nd with
speclal regarc to stebility cven zs low as C.I cpsgg, but
this appeers te be the ultis-te liunit.

With o direct current method
the bond width 1s equal to one quarter the reciprocal
of the delay constent of the galvanoleter, while in an
integratin. ncthed where condensers are cherged it is
gqual to the reciproecal of the ti.e of charging. If lon
tiie constents are sr~tisfactory then the band width can be
nade very s:all. .;ain , if clcctron counting is euployed
the band width can be iodc a5 siell 2s one pleases since it

is inversely proporticnal tc the time of 2 count.

tach and every one of these

uetheds can be used fer werk with low levels f lijhte
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By its very nature , however, the trensit problen precludes
the use of an integrating nethed. Since it 1s concerned
with instents a direct coupling method rust be used. This

necessity was the caiise of the principal difficulty.

(C) The Telgscope and its alisncient

The telescope on which all this vork
was perforned was a 5%" refracting equatorial. It was crecte]
on the Western tower of the Physics building wherey; except
for a few dgrees of arc to the south, the night sky could
be covered fron horizon to zenith.

Twe equatorial ncunting has two
degrees of freedon. One deseribes the declination circle-
the other traces the hour circle. When aligned correctly
the setting of the two circles at velues ddrived fron
star charts cof tables places the cclestial cbject in thic
centre of the field of view.

Briefly, the oli ning involved

(2) Rough sctting of the poler axis in the plane of
the neridian and levelling of the pillar.

(b) Fine adjustnents cn recogniseoble stellar objects:
lying in the uneridian and equatoriel plpnesgs
Fer our work an accuracy of grme thirty seconds of arc in
declinaticn and some thirty secends of time in hour angle
were deenrd setisfactarys. With thesey reliable settings coold

be nade..

(D) Photormltiplicr Tube Hrusing and sccegsorigs.

Te deliver the high tensicn &

conventional voltege deubler was built. It was capable of

delivering II00 volts minuse The output of the deubler

was fed to a stabiliser and as finally opercted the voltage
per stage could be varied between 60 and T00 volts. Thes.

circuita are considered in wore detail in iAppendix I.

Tre tube housing is based on the




53

designs of Strong, Kron and Beowe. Figuee 24 is a drmwin. of

the housing while figures 25 and 26 show it attached to the

telescope. The steel Bowden-like cable held the supply leals
to each dynode and plugged into the stabiliser. Twe anode

lead was a separatc shiclded wire.

(E) istroncuical Observations

(i) Prelininary_

Ty

The initial observaticrns were
ﬁeans of a noving nirror galvanoneter, The ncthod followel
in nost of this work was tc sct the telescope a little off
the star in Hei. with the driving clock going. Thc tube
housing was swung inte line with the eyepilece, clamped, auc
the light tight cover slipped into place., When the instruren.-
had been adjusted the clock was stopped and the passage of
the star watched by its recorfl on the galvenciieter. The nev:
result of the prelininary observations indicated thet scue
anplificaticn of the current was necessary if the transit
faint stars was to be atteipted.

The anplifier chosen was in basi-

a Bridge type direct-coupled circuit which allowed the
balancing out of both the dark current and the ni:ht-sky
background.

More tramnsits were now reccrded.
The recording instrunent in this case was a nicroaimmeter.
The responses were encoura.ing but were found to contain
two complicationsy

(i) 4s the star noved lengthwise along

(=]

the
cathode pulses of current were exhibited,

(ii) hs the star noved widthwise across
cathode the number cof pulses was reduced but the

effective for only part of the field of viewe.

It was cobvicus that the pulses were

due to the disappearnce of the inage behind the wife grid-1ilc
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shield placed by design, in front of the cathode. This shield
is made up of a number of wires zigzagging along the length

of the cathode which explained the greater number of pulses
coming from a lengthwise stellar movement. As can be seen from
figure 29 , the ideal pgsition of the cathode is at the plane
of the exit pupil, for in this position the minimum movement
of the image during a transit occurs.

This could be arranged by projecting
the exit plane of the eyepiece onto the plane of the cathode.
The simplbest way of doing this was found to be the setting of
a two lens cell in the tube between the eyepiece and the
cathode. The focal length of the lens was designed to be
a quarter of the distance between the cathode and the exit
pupil, Lt was placed so that, as closely as possible the
centre of its principal planes was half way beteen them, In
sueh a position the exit pupil of the telescope was imaged
on the cathode at unit magnification. This meant that the
angle subtended by the cathode width at the centre of the exit
pupil was now much greater than the apparent field of wview of

any of the available eyepiecces.
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Consequently, by setting the tube

housing so gs to give a widthwise movement of the sgellar
image across the cathode not only was the tube effedtive
over the whole of the field but also the pulses were

eliminated.
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To test the effect without recourse
to night observations an artificial transiting apparatus
was devised. An artificial star, consisting of a pinhole
in front of the slit of a spectrometer served th- purpose.
The tube housing was mounted on a lathe travel and the light-
tight cover slipped over the cyepiese of the spectrometers
telescope. The table of the spectrometer was covered with
a dark cloth making the pinhole the only source of light.
With this arrangement, screwing of the lathe travel took
the telescopc with 1t and the resultant effect was similar
to stellar motion across the field. No pulsesfrom the shield
were scen and since the field of view of this eyeplece was
much greater than those of the telescope the optical system

was considerced to be satisfactory.

(ii) Cross Hairs.

In order to observe the effect of
a star passing behind a cross hair, several of them were placed
in thc focal planes of the eyepieses of the spectrometer
and the telescope. The output of the amplifier was taken to

the Y plates of a Cathode Ray Oscillograph.

Since gqmite definite kicks were
obtained with the artificial transits night observations
were recomnanced. The procedure was essentialy the same as
before the only change was to balance out the night sky

before the clock was stopped.

The nocturnal observatinns reeealed
that thc laboratory transits haed bsen performed at much too
great a rate. In practice;a complicated noise pattcrn

appeared on the screen as the star entered the field of view
while the DPassgge of a star behind a cross hair resulted in
a slow return to the condition giving a quiescent trace. As

the star re-appemred so did the noise without any sign of

a kick.
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Thé amplitude of these fluctuations
was up to 75% of the mean intensity. Although, the time
occupied by a single fluctuation was quite random it was of
the order of a few hundredths of a seconds They were similar
for stars of different magnitudes and occurred even when the

image as seen through the telescope seemed steady to the eye.

Up to pow the aim had been to obtain
pulses the rise and fall of whiah would be fast enough to
enable the instant of biseection by a cross hair to be
determined from them, It had become obvious that if the
method was to succeed the pulses would have to be sharpened
and the efeet of stellar scintillation reduced. In an aftempt
to do this the three stage direct coupled amplifier of fig 28
was built. It was so designed that wh~-n the star was in the
field the amplifier was bilassed beyond cut-off. It was hoped
that as the star went behind a cross hair the time of switch
to the'no signal condition would be small compared to the
scintillation frequency. In actual‘practioe the intensity

distribution appeared somewhat like figure Qq
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If the rise time of the pulse
could be made small in comparison with the intensity
fluctuations due to twinkling then it would be possible
to trip a trigger circuit at some point in the rise and
fall of the pulse as outlined in chapter I, It was obvious
that any such attempt with the distribution of the above
figure would result in spurious pulses from the trigger

circuit at such points as 'a', 'b', '¢!' ete.
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With the classical method of recording
a transit, direct coupling gives a negative output ﬁulse
which for the majority of the time is complicated by noise.
On the other hand the use of a biassed amplifier gives
positive pulses the rise and fall of which are slow when
compared to the scintillation frequency, It was felt that if
positive intensity pulses were used some hope of success
might be entertained. As a consequence, it was decided to
replace the ' cross hair - biassed amplifier'arrangement
with an opaque graticule on which fine lines had been ruled,.
Since the width of these lines would be small the cathode
would be energised only so long as some part of the stellar
image were on the slit. Then the star was behind the opaque
porticns of the graticule the output of the Photomultiplier

would be zero.

(iii) The Use of a Slit Graticule

The graticules were designed as in
figure BQ In the first place a chemical silvering method
was tried to give the required opacity. Although snooih edged
slits could be ruled with this coating trouble from pin holes
led to it.being discarded in favour of a black lacquer., The
lines were ruled on this while it was wet. On some of them

side windows were left to facilitate the sighting and the
I

Mo
30

focussing of the star.F%%ey were placed in the focal plane of
the Huygenian eyepieces.

. Observations were recommenced using
these graticules and in addition the highly sthble direct
coupled amplifier of figure ZP, which our prewious work

had revealed as a necessity. The outout of this amplifier

Bt T e e e e
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was placed on the 'Y' plates of the Cathode Ray Oscillograph.
Althoughthe pulses appeared a lot sharper they were still
complicated by noise and since it was difficult to decide
the true nature of the pulse it was decided Lo record them
on a Chronograph.

The cathode ray spot was focussed
by means of a photographic objective onto sensitised paper
fixed to a drum which revolved with a peripherial speed of
the order of a centimetre per second. Figure B% 1s a typical
trace recorded by & Pegasi ( m =254)., In the bottom trace
the gain of the amplifier was set to overload and give a
flat topes In the other trace, which is of the same star,
the gain was reduced below the overload value. Fortunately,
the particular night chosen happened to be one of exteemely
poor seeing condibions and figure 3@, which is the trace of
c(,Aquilae clearly reveals hhe effect of scintillation.
Figure 3% is another trace of € Pegasi obtained by revolving
the drum by hand at a speed sufficient to resolve the
twinkling., Its random nature is evident. These traces clearly
show that any attempt to trigger a pulse would be

unsuccessful.

However the records, even as they
stang represent a good statistical average, For example
if the four points 'aA' 'B' 'C' and 'D' on eachﬂpulse are
considered a probable serror of 0.I x ( 4 n )_g seconds
where 'n' is the nunber of pulses would result, sincd these
points may be quite easily. read to 0.I seconds. In fact for
this particular trace the probable crror is about 22
millisecondss In order to facilitate the readings time
markers , consisting of 0.2 second pulses werc fed onto
the same plates as the signal. In additi-n graticules

possessing more lines were prepared.

Renewed observ.tions gave tracks

such as figure *% There zre nine traces in track I and
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and I9 in track 8, The separation in the latter case 1is
really too small and bezins to approach the crosshair
method where the star is cncrgising the cathode for longer
than it does not.

Besides the twinkling difficulty
another factor, which hithcrtce had not been considered
was shown to be important if not thc wuoegt important effect.
It was the size of the stellar image. The ideal case of
Chapter I is based on the movemnent of a source of uniforu
brightness. While, the image by its very nature could never
satisfy this condition a good objective would produce an
image consisting of a bright central maximum surrounded
by several weaker maxima. The image produced by the 53"
refractor was poor with chromatic and comatic aberration
peedominating. The objective was checked and found to be
improperly centred. After alignemcnt it was put back into
position. Although, therec oppeared to be a slight improvement
the image was still poor and to effect further improvement
the objective was stopped down to approximately 2". 'Thile
this was rewarded with further success the image was still
far from ideal,

The type of trace resulting is
shown in figure 38, Unfortunately, it was o very windy night
and since the telescope was unprotected the dancing of the
image from vibration sometimes occurred in the direction
of motion of the star producing a sharp pulse as at 'B'.

However, seeing conditions aside
these traces revealed that any atteapt to fulfill the aim
of Chapter I would be unsuccessful- Nevertheless the traces
even as they stand can be read to a probable error of I0
to 30 millisectnds which is of the asame order as the
visual methods and only a little grecater thun the photographic

zenith Bube.
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Gonclusion
Although it cannot be claimed that
the method is entirely successful there are several features
which make it not wholly unsatisfactory. While the scintil-
lation effect appears to be the predominating difficulty
the real 'béte noir' is the size of the stellar image,
due to the poor optics possesscd by the telescope. Even
traces such a sfigure 3b present a very good average
from which a transit estimation with a probable error of
30 milliseconds may be quite readily obtained. Since the
image is so poor the rise time of the pulse is slow
because the cabhode begins to be energised long before the
central maximum of the image is reached, It follows that
with a well defined image this rise time would be reduced.
With proper bias the secondury maxima would not be recordeds
This increase in the slope of the pulse would most
certainly lead to a reduction in the noise, Consequently,
a transit instrument possessing good optics should under
good seeing conditions produce pulses on which particular
points could be read to less than O.1 seconds. Even for
this estimate =2n eyepiece which could accomodate 16 slits
and a record on which six readings per pulse were made
would infer an errorof 10 wmilliseconds. If internally
consistent this would represent a distinct advance. It
might even be possible to determine the exact form of the
intensity distribution which in comparison with the
Observed distributi n over a series of observations might
lead to 2 recognition of internal consistencicese and a

further increase in the accuracy.

Besides considerations of accuracy
the impersonality of such a method has desirable features.
Errors arising from observatisnal fatigue amd physiological

=and methodical differences between observers womld

diseppear.
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Since it is well within the

capability of a Photomultiplier tube to produce working
currents from those stars the positions of which are
accurately known the disadvantage of the Photographic
Zenith tube would be overcome. Morecover its ability to
detect such stars without refrigerati on means thot its
mounting on any teclescope would be relativelly simple
and light.

‘Jhile this attempt, as it stands

cannot be said to be completely successful, 1t is

felt that even with its inherent difficulties the
photoelectric rcecording of stellar transits is
feasible. Further work under better optieal and positional

conditions micht prove it to be quite practicable,
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Appendix

The &Ylectronie Circuits

The various chapters . «
indicate that the accent in this work has been stability
at low frequenciese The logical approach to low frequencies
is by aeans of dircet coupled circuits. Unfortunately,
direct coupling from its very nature introduces instabilitye.
Moreover, besides wishing to count at low frequencies, the
desire to record the instant of transit withheld the¢ normal
procedure of current integrations gonsequently, regula tion

and stabilization had to be introduced to a hih degree.

(4) *he Power Supply -

The Photomultinliegr requires some
I000-I200 overall voltse. To supply this the conventional
voltage doubler circuit of figure 3% was built. The voltage
delivered was negative with respect to ground. The rectifying
tubesiwere iercury filled of Japanese design and to guard
against accidental contact in the dark the whole supply
was complestely enclosed in 2 shect netal covaer..

Besldes inhercnt noisc , fluctuations
in gain due to variations in the supply can become
troublgsomes ThD reduce this efrect two stabilization devices
are cnployed. The first is an instantaneous mains stabilizer
known as the 'Stabilae S I000 B/2 @. This ensurcs an
input supply to the doubler which is independent of
variations in the main,

The circult of Figurc 38 stabilizes
the output of the doubler. It is essentially that of Diekes
and works On the regenerative amplifier principle. A
Potentiometric control allows :.c.,. a dynode voltage
variations Of about IO volts per stage. The voltage per
stage can be varied betwesn 60 and I00 volts per stage by

shorting the required number of VR I50 ‘tubes.
@ ilanufactured by Stabilsc Phopriety Ltd. L9 York St, Sydney
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The stabilisation was of the order of I% for a 20% input
variation which although not as good as expected was
sufficient for the developemental work.

The feed to the phototube was
by separate lead to each dynode. The IO leads were enclosed
in a steel Bowden~like cable some 20ft long and directly
attached to the tube housing. The photographs of the
housing in position on the telescope show part of it. A
separate shielded anode lead was used to cutbt down as much
as possible on thc leakage paths.

It is now felt that a series of
dropping resistors about the pins of the socket is a better
way of suo)plying the tube. It has proved quite satisfactory
in another aoplication in the department.s It was found that
by removinzg thce anode lug from the socket and attaching
the lead directly to the anode pin a reduction of the
order of IO in the dark current occured. Removal of the
anode pin altogether has been advised but this was never

tried,

(B) 4mplifiers.

During the developemental work
three differcnt approaches were made to the problem of
subsidiary amplification. In order the circuits were

(a) Bridge Type
(b) Biassed Type

(c) Negative Feed Back Type

(a) The Bridge Type Fige37

It is highly desirable when
using the Photomultiplier wimth dircct coupled circuits
to have some means of balancing out the direct component
of the dark current. In this type zero balance was effected
by the use of matched 6J7G tubes arranged in a bridge
circuits The gain proving insufficient an A,C stage

was later added through long time constants., Although
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it proved useful in the esarly work its stability as can

be seen from figure é was very poor.

(b) Biassed Amplifier Figure 28

The difficulty arisng out of
twinkling led to the design of this amplifi-r. By means of
the I megohm input potentiometer the bias could be

adjusted to compensate for the different stellar

magnitudes. When compensation had been effected the

voltage of the cathode of the 6B6 was adjusted by means
of the 10K potentiometer until the tuke cut-off, This
cgave 2 quiescent trace on the Cathode Ray Oscillograph
while the star was in the Tield, As thc sutput of the
Photomultiplier dropped due to the eclipsing effect of
the cross hair the 6B6 tube began to draw currcnte The
exact position where this occured depended of coursc on
the bias setting, Its stability however was quecstionable
and 2s has been explained the method was unsucccssful.
With fringe counting in mind
the extra EL3NG power stage was added. It was intended

to usc it to make and break a mechanical counter,

»

(c) Negative Feed Back - Push Pull Typc Fig M Q.
L)

This circuit is based on ons
used by Kron58 for stellar photometry. It possesses its
own regulated power supply which delivers the necessary
+240,+108 and -100 volts. Regulation is achieved by
a regenerative amplificr arrangement which causes any
changc in the 2LO volts output to be reflected as a
change of potential of opposite sign at the pf&e of the
6J7G¢ which applied to the grid of the 6V6 leads to
compensation for the initial changes

The amplifiecr itself is a three
stage direct coupled circuit with each component in the

Primary side matched by a component in thé secondary side.
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Originally, there was only one double triode of the
68N7 type. It was found however, that if the meter
resistence fell below IOK ohus the amplifier becane
ubshable. This instobility was reduced by putting
another 68N7 in parmllel, and the meter acrossit. This
in effect separates the output stage from the feedback
and balance stage.

The amount of negatiwve feedback
can be controled by the series of resistors arranped
about the Seedback switch. The minimum gain and maximnum
feedback occurs whee there is a high resistence across
the switch which means that the amplifier is most stable
when the gain is leasts. The dark current is balanced
out by means of the potentiometer By while slizht
mis-matches in the components are balanced out by means
of Pp. The input components are well shielded to reduce
instability due to pickup.

Owing to the hich dark current
of the Photomultiplicrs used s cgormlete balance could not
be ackigred in the hish gain positions.when the I0 megohm
input resistor was employed. It was found necessary to

includé a subsidiary battery potentiomneter.

(€) The Trigger Circuit Fig 23

The trigoer circuit is a direct
copy of the one dsscribed by vu29. It is a direct
coupled regenerative amplifier possessing two stable
states« Plate current flows in only one tube at a
time and can be caused to transfer abrupily from one
tubke to the bther., Its peculiar advantage is that it
can be directly couvled to o leading cireuit and the

switching tokes place as soon as a critical input

voltage is reached. It triggers on when this voltage

is reached and off at a value a little below it. The

particular circuit shown gives a 50volts output pulse
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for a difference of input voltage of as little as + volts.
This is the eircuit that was used
in the trial runs of fringe counting. Its ability to
deal with input frequencies of a few cycles per second
makes 1t the most important tool of the fringe sounting
technique. 4 modification suggested by Yu which enables
the elrcuilt to be set to trigosr on and off at the same
point on the input pulse was being built at the time of

writing. It will be used in the further developement of

the fringe counting progréume,

s s 0000
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