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Preface

This thesis contains an account of experimental work
performed by the-author at the University of Glasgow
between August 1973 and Séptember 1976.

The research carried out was concerned wifh the
detection of Gravitafional Radiation, and the work at
Glasgow was initiated by Professor R.7.P. Drever in 1970.

In the introductory chapter a brief historical note
is followed by an élementary.introduction to the General
Relativity theory used in connection with gravitational
waves. The magnitude of the effect expected, due to
gravitational waves of extra terrestrial origin,is then
summarised for various possible sources, and this offers
an indication as to the required sensitivity of gravitational
wave detectors. The chapter -is then brought to a close}
with a discussion of various.gravitational wave detectors
that have been constructed and are in operation throughout
the world. the content of this chapter is based on the
relevant literature.

. Chapter 2 contains a repoft.of an investigation

into the low noise amplificatioﬁ of signals from
gravitational wave detectors. Firstly the possible

noise improvement by cooling field effect transistors

was investigated, due to an initial suggestion by

Dr. J. Hough. ‘“he actual -experimental investigation |

| was the Work‘of the author. An investigation was also
performed into the noise sources of a superconducting
quantum interference device. ‘‘he operation and measurements

on the device, along with the interpretation of the



results, were the work of the author in collaboration
with Dr. o. tHough.

Chapter 3 presents in detail calculations of the
sensitivities of two possible types of gravitational wave
detecfor. The authof Was'responsible for séveral
calculations of this type in conjunction with colleagues,
who calculated the sensitivity iﬁdependently and the results
were then compared. This work included a consideration
of the éffect of noise in the sensing system affecting the
actual detector. In the case of the »QuiD the component
of possible backward fluctuation noise was estimated as this
had not previously been considered in the iiterature. The
proposed mechanism wvas due to ure. J. Hough with ideas,on
other wvarious aspects of the problem, from the author.

Chapter 4 contains a description of various ‘on-liﬁe'
Computer techniques in order éo extract continuous signalé
from noisé. The writing of>the programmes and implementation
of these techniques was the work of the author. in the
case of the power spectrum analysis system the actual
Pourier transform was a standard programmé; however the.
programmes dealing with the data input-output and the method,
of integration were those of the writer. The author has
been responsible for several innovations and improvements
in the general computihg system, which has grown over the
past three years to a powerful ‘on-line' computing
facility.

The search for continuous gravitational radiation
described in Chapter 5 was initiated by Dr. J. Hough and

Professor R.7.P. Drever. Yhe actual programme used for



the experiment was in fact written'by the author who was
also responsible for writing the programmes used in the
calibration. ‘the actual experiment was performed in
collaboration with vr. J. Hough and vr. K. bland and

the calculations of the gravitational wave upper limit
implied were performéd by the author and independently
by br. J. Hough.

Thé basic apparatus to search for extra terrestrial
x-rays (Appendix A) was already in existence from previous
experiments performed by others. The extension of this
experiment to power spectrum analysis was the work of
the author, who was also responsible for the design of
the electronic systems required for calibration and
testing. the actual search was performed by the author
in collaboration with br. J. gough. The calculation
bf the effect expected by X-rays was due.to the author,

however this did depend to some extent on the literature.



Acknowledgmenfs

The author would like to thank Professor J.C. Gunn
for his interest and encouragement throughout this work.,

This research was carried out under the direct
supervision of Professor R.W.P. Drever, and the author is
grateful to him for his help and enthusiasm.

Technical help was given by Mr. A. licKellar, lr. B.
McAteer, Miss M. McColgan and by the stores staff under
Mr. R.E. Donaldson. Tﬁe author would like to thank Mrs. C.
| Martin for the typing of this thesis. He also wishes to
thank his wife for herleVer present help and_encouragement.

The author would especiélly like to express his
gratitude to Dr. J. Hough for many useful discussions, and
for his helpful advice throughout the past three years.

During the time that this work was carried out, the
author was in receipt of financial support from the Univ-

ersity of Glasgow.



Summary

xperiments on and relating to the detection of

Gravitational nadiation

The fact that an accelerafing mass can radiate energy
in the form of gravitational waves was pfedioted by
Einstein in 1918, as a result of his teneral Theory of
Relativity. recently much interest has been shown in the
possible detection of this radiation, due to the reported
detection of gravitational wave pulses in 1969 by J.
Weber.

Work was started at wlasgow in 1970 and by 1973 a
search had been made for pulses of radiation expected from
stellar collapse. The authoi joined the group in 1973
and it was clear then that inprovements had to be made in
the detector sensitivity, if gravitational wave pulses
were to be observable at an acceptable rate.

This thesis therefore is an account of research
aimed to improve the sensitivity of searches for grav-
itational radiation.

After a brief historical note various sources of
gravitatiohairféaiéfiéhqére considered. Estimates of the
expected effects, as measured at the earth, are presented;
these illusfrate the need for improving detector sensitivity.

Cne of the first Ffields considered is the low noise
amplification of sighals from gravitational wave detectors.
The experimental work done on this problem includes
investigatipns into the possible improvements by cooling
field effebt transistofs; énd the use of a superconducting

/
quantum interference device as a low noise amplifier.
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Using the results of these investigations the sensitivities
of two proposed types of gravitational viave detector are
then calcuiated. As a detector is very sensitive to applied
forces the effect of noise in the sensing circﬁit producing
a feedback forée is considered. This effect has not been
taken account of in the majority of previous calculations
performed by others, and indeed it is found to be an important
factor.

As well as an investigation into possible improvements, a

search which sets a more sensitive upper limit to gravitational

radistion of a continuous nature is described. +This experiment

has also proved worthwhile in relation to conclusions about
the reported detection of gravitational wave pulses by Weberv
in 1970.

This work led to a more general consideration of possible
methods for the extraction of continuous gravitational wave
signals from detector noise, and a discussion of the implem-
entation (by use of an on-line computer) of some of these
techniques is presented.

A power spectrum analysis progfamme develcoped for the

purpose of gravitational wave experiments was also used in

a different experiment to search for extra-terrestrial X-rays,

and this work is presented in Appendix A.
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Introduction

Over the last seven years much interest has been
shown in the possible detection of gravitational radiation.
This interest hés been mainly stimulated by the reported
detection of gravitational wave pulses by Weber in 1969?

The possibility of energy being radiated from an
accelerating mass was piedicted by Einstein in about 1918
using the General Theory o£ Relativity, and it was shown ‘
that, in a weak gravitational field, the radiation is
transverse in nature and proﬁagates at the speed of light.

In 1959 Weberos£arted his experiments on the detection
of gravitational radiation. He calculated that the rad-

to be detectable
iation from laboratory generaﬁors was far too small and
that he had to rely on extraterrestrial radiation from
possible violent edsmic evénts in our own galaxy.

Basically his detector consisted of an aluminium
cylinder with piezoelectric transducers bonded to its
girth, at the centre, to enable any longitudinal motion
to bg monitored. Gravitational radiation interacting
with the detector would induce such a motion in the
cylinder. Preliminary experiments with a detector at
the University of karyland encouraged him tb build another
. one, which was operated about 1000 km away at the Argonne
National Laboratory. The distance between the two
detectors tends to rule out sinultanecous excitation by
terrestrial effects.

J

In 1969 Vieber performed a coincidence experiment and



repofted 17 events, which forced him to conclude that
"The data were consistent with the conclusion that the
detectoré are being excited by gravitational radiation.®
He reinforced this argument with plofs of detector co-
incidences as a function of sidereal time and found that
the source of the coincidences was anisotropi;?

Other groups entered the field aroﬁnd this fime and
performed their own experiments designed'to detect gravita-
tional radiation. Although most wére similar to those of
Weber's no one in fact repeated VWeber's experiment completely.
In 1972 a group led by BragiﬁskiOin Moscow presented the
first independent experimental results.

Braginski's detéctors although similar to Weber's
differed in that they used capacitive transducers rather
than piezoelectric crystals tq monitor the detector motion.
The Russians found no coincidences that corresponded to ex-
cifation by gravitafional radiation, although the search
was of the same order of sensitivity as Weber's experiment.

In 1973 the group at Glasgow Universitygpublished the
results of a search for pulses of gravitational radiation.
The experiment, (designed to obtain further information
about the radiation), was slightly more sensitive than
Weber's, and it also had a much wider bandwidth compared
with thé p?evious searches,

The conclusion of the search was that "it is unlikely
that the pulses reported by Weber in 1970 were due to pulses
of gravitational radiat;gp of duration less than a few mill-

seconds." This conclusion was important as, from a con-



sideration of possible sources, this type of gravitational
wave pulse was the most likely form of radiation. They
did however report an event and there was "no experimental
reason to reject the hypothesis that this signal was
caused by gravitational radiation.”

Other negative results have now also been reported by
Garw1ﬁf>Tyson and Douglass)and other;i'3>

This presents a contradiction,as the experiments were
at least as, if not mdfe, sensitive than Vieber's experiment,
and indeed it does cast doubt on the fact that the coinci-
dences reported by Weber were due to gravitational radiation.
Due to the differing methods of signal processing used by
all the groups however there are some possible signals
that Veber méy be more sensitive %;. Such a type of
signal was a hlgh flux of very small: pulses,and although
the experlment descrlbed in Chapter 5 was not de31gned to oF&r
comment on Weber's pulses, it did prove extremely valuable
in‘showing that an explanation in terms of a lérge flux of
small pulses was unlikely. ’

o Although most experimental work has been done on

the detection of pulses of gravitational radiation some
experiments have investigated the éxistehce of continubug
radia‘biorﬁdo} In 1961 Forwardme)t al reported an upper limit
to continuous random_radiation of period about 1 hour.
This was done by using the earth as a gravitational wave
detector. These tynes of searches using the earggjﬂand
more recently the moon, are still underway and indeed Sadeh

17)
and leidav claim to detect gravitational waves from the

: k)
(CP 1133) pulsar. However liast et al have performed a



similar expériment.and their results contradicf those of
sadeh. _
| ‘These éxperiments have investigaiéd gravitational
waves df period'about 1 hour but searches at higher fre-
quencies have been reported. Mast et aln%ave searched up
to a frequency of 125 Hz, again using the earth as a detec-
tor. o _
‘_An.uppef limit_had been set by a laser strain meter
operating in the frequenéy region above 1 kthQWith a
reported energy flux sensitivity of 6.3 «x iOq W, mszzFL
| There was therefore a need for a more sensitive ex-
periment in this field and the experiment described in
Chapter 5 is a search for continuous radiation in the
frequéncy région afoundrl kHz. ¥rom an analysis of the

-2 -\

>experiment the sensitivity was found to be 6.8 x 10° W Hz ,
and this sets a much_more_sené;tive upper limit in this
ffequencyrrégion. | . “ ‘

Gravitational radiation is the propagation (at the speed
of light) of deviatibns from flat sbace-time, and it induges a
“strain ( éf ) in the detectors. The present sensitivity
» of the detectors Wbrking in the 1 kHé region is of the

order of (AL&)- = 5x10'- 5¢10" , and this figure will

be cbmpared with fhe Strain exfected from various gravita-'
tional ﬁaVe’sburqes.

However firstly an elementary introduétion to the

théory will have to be presented.

Elementary Introducticn to the General Relativity Used

As gravitational radiation is a prediction from general

relativity certain concepts of the subject have to be used,
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and in this section it is hoped td introduce these ideas.

. In general a physical event may be described by four
quantities, three for the positiqn of the event and one for
the time of occdvience. . Ir the abéence of gravitational
fields and accelerations the foui quantities may be inter-
preted as coordinates in a four dimensional Euclidean space,
this space veing called kiinkowski Space-time. The fdur
cbordinates xi (i=0 to 3) are ct, X, ¥ and z where c is
the velocity of light. |

In order torproceed with the gebmetiic interpretation
further, a metric of the space has to be definéd; and is a
defihition of thev'distance"betWeen two events. For the.
Special Relativity case of no gravitational field and

‘accelerations, the metric is as follows.

. . . "L
ds®= (dx")" + (dx*) + (dx®) - ¢ at* | |
R ) -(1010)-
or as ds*= gikdxldxh

Note: The Einstein summation convention is used here,

where =

On the introduction of matter to the system the space-’
time ceases to be Euclidean; however,an event in space-time
may still be detailed by four coordinates (x° is not
necessarily equal to c¢t). The metric is still described
by the following formules: this form of the'metric means
that the space is Riemannian.

ds*= gégdkidxk
' , " -(1.2.)

However g;.has a different form from the special



relativity case,

According to Einstein's general theory of relativity
geodesics in the space-timé represent the history of
particles moving freely in a gravitational field.

.The space-time, in which the particle moves, is curved
and according to the theory of relativity the amount of
~curvature depends on the matter that is present. Tthere-~
fore in considering systems with gravitaticnal interactions
the problem.may be reduced to that of finding geodésics in
a curved‘space. In the.theory of curved spaces an important
quantity is the Kiemann - Chriétoffel (R = C) tensor
31;0 which is formed from the metric fensof 8xe This
tensor is a measure of the 'flatness' of the space and indeed

the space is flat if,and oniy if,thefR - C tensor is zero.,

‘he Behaviour of Two Free Test lLiasses to a'Change in the

KRiemann Curvature Tensor

space-timé, this path being called its world lihe. _1£ one
considers two particles their world lines will féllow

- geodesics and the fask is to measure the separation between
them as a function of changes in the Riemann curvature tensoy.
This'may be done by light signals sent to one particle and
"reflected back again.

The senaration between geodesics with relation to the

curvature tensor is given by the geodesic equation

__‘L_’L_Zi_ + Rbc& d x® /‘?cd’ff = O -(1.3,)
s cd ? R SOR :

w[«erc T & the s‘epouro\’(’\on between %@Aemcs.



Now in a Zuclidean space

x’ - Ct ande x', X.t, DC-3 = Fos{k‘(‘on
in the actual space
i’_‘: = C xé = L}"?(LC
at At
the most important term is
S, R -0 y
_* ocCo "(1'40)

att

This could be considered as a force between the masses of

B T
F = .MC gokoﬂz ~(1.5.)

This result has been derived'by-Wéberfo

Gravitational Radiation

A result of Einstein's general theory of relativity is
that fluctuations in the Riémann curvature tensor will be
propagated at the spéed of light as trans#erse waves. In
solving the weak field solution of general relativity one
finds that the curvature tensor in the form of gravitational

waves has the following form

Rxcxo = - R oo = -'.l.
373 2 ¢t
. "(1060) ’
R7<0|3o = Rbsoxo - _]2_-_%1_ hx(t = Z/C)

where hy is the perturbation in the nmetric tensor

(@h\t’) S
ie€s 8= &+ hiand is assumed small.

The two polarisations of R are shown in Fig 1l.l.






The energy flux carried by a gravifational wave is
well defined when it is averaged over several wavelengths
(Isaacson 1968;? 3;171(1 the flux is given by the following
formula |

= c? ht nz
F ToRG Chy oo ’f> -(1.7.)

where < > signifies the average over several wavelengths
and where h,; and h. are the instantaneous amplitudes of the

deviations from the flat metric tensor.

_The Generation of Gravitational Radiation
Gravitational radiation has to be at least quadrupole
in naturey dipole radiation is excluded by the conservation

of momentumn,

The power radiated by a system is as follows

XX XY

de = | G D:‘ﬁ ‘
— ] ~(1.8.)
at 45 ¢ . |
- where -
D’(IB = f(o (3 xu xp = 5.:(_:, x—;. ) av

and this is called the reduced quadrupole moment.

This equation may be simplified in the manner of Hiisner
' 23)
yhorne and Wheeler, and they estimate the luminosity of
a gravitational wave radiator by the following formula

2

~
~

a€ G ('nonspherical part of Kinetic Energy ;
'—(109.
s

at c time for the change

Sources of Gravitational Radiation

Terrestrial Sources

;

In exveriments on the detection of gravitational



radiation, the most convenient situation would be to
construct an experiment similar to that of Hertz in the
electromagnetic case. This experiment consisted of both
‘a generator and detector. However the following
calculation shows that a laboratory generator of grav-
itational waves does not seem possible at present.
Consider the case of a steel bar rotated about an

axis as shown in the diagran-

0 e )
{ _ | moment of inertia-I
Non spherical part of Kinetic rnergy = + fw*

and the time of change = T/,

a€e ¢

¢ I*w
S at c® 4 n*

R

"(1.10.)

This case has been considered by lisner, Thorne and
Wheelér for a bar 20 n long, 1 m radius, mass = 490 tonnes,
and they find that the maximum rotation before exceeding
breaking stress is ) = 28 rad s” and the power radiated
 from such a system is 10"y, Such a system 1 km away
would produce a strain of %}: 1078,

From calculations of this type it seems that the
best sources of gravitafional'radiation are extra terrestrial,
although some different types of terrestrial éources are
still considere;?lﬂ

There are two types of extra-terrestrial gravitational

radiation to be considered,those of pulsed and continuous

forms.



Sources of Pulses of Gravitational Radiation
The Collapse of Stars

When a star collapses the final state of the systenm
may be either a white dwarf, a neutron star or a black hole
depending on how much matter is left in the core after
collapse. To emit gravitational radiation the collapse
to a neutron star or black hole has not to be spherically
symnmetrical, and it is the amount of . asymmetry that
theorists have considered. For a star collavsing intb a
black hole the following formula, for the gravitational

24)
wave amplitude at the earth, has been presented by Thorne.

B = (4 x 107°)/ M (104 Mpc)
 \ap/\ r

~(1.11.)
where
M, - The mags_of the sun
M - The mass of the collapsing silar
r - Distance from the source '

The power spectrum of the pulse peaks at a frequency of

5 kHz ( 2M0)
i

and the waveform of the radiation is predicted to be a

f

large pulse followed by a ringing tail,

If the star collapses to a neutron star instead of a
bléck hole the frequency of the ringing will be lower and,
due to the loss of radiation efficiency, the oscillations
will last longer. This tepds to mean that most of the
gravitational wave energy will be ?arried off by the

oscillations rather than the initial burst. In this type



of collapse Thorne points out that about 1% of the rest
mass energy would be emitted in the initial pulse. Thaun
and Ostrike;ﬁpresent a less optimistic outlook for this
type of collapse and they predict a maximum emission of
5% - .02% of the rest mass energy. Using Thorne's pre-

diétions of the collapse into a neutron star the wave

amplitude at the earth is given by

Yo
h = (2x10")/®\/10 Mpe
- "(1012.)
Mo r

at the power spectrum of the pulse peaks at a frequency of

about 2 kHz.

If a 5 Mp star collapsed to a black hole at the
galactic centre (8 x 10°® ps away)ﬂ@he gravitational wave
amplitude at the earth would be expected to be 1.3 x 10“1,
(Eqn. /I« ll.), and the same order of magnitude would be
expected from a star.collapsing to a neutron star. Bursts
--0f this amplitude could be detected by present detectors,
however the predicted rate of occurrence is very smali
(~ 1 event in 30 years).

If the sensitivity of the detector is such that a

-~collapse-10 Mpe away could be detected the evént rate would
be expected to be ébout 1 per year (Talbotff) A further

| increase in sensitifity to detect collapses 30 Mpc away

- would include events in the Virgo cluster of galaxies and

an event rate as high as 20 per year could be expected.

Particles Falling into Black Holes

The problem of a particle mass m, falling into a

29)
black hole of mass M has been analysed by Ruffini among



others. He predicts that for the above situation the

energy emitted is

Ehf = 'Olji_“ ne
M
. "(1.130
and the spectrum of this radiation has a peak value at
w = .32c°
GM

which for a 5 M, black hole is about 2 kHé. The detailed
shape of the pulses has also been caiculated ( Davis et al.
and is a sharp burst with a ringing tail.

As an example the gravitational wave amplitude, at
the earth, was calculated for a 1 M, object falling into
a 10 lip black hole at the galactic centre. The result
of this calculation indicated that a pulse of amplitude ~
5 x 10" would be expected, with a characteristic frequency
of about 1 kHz. The above analysis is performed for a
non-rotating black hole and for a particle starting from
rest at infinity. Analysis'has been done on particles
with initial relativistic energy by Ruffini and it is
predictéd that there is a sigﬂificant energy increase with
not much change in the spectrum.

Fly-by as a Source of Gravitotional Rédiation

The gravitational interaction between two bodies
moving close together can cause gravitaticnal radiation.

.This method has been discussed by several including‘
Rees,'Ruffini and Wheeléri) who predict that for a particle
m moving past a much larger pass I, the velocity of the

particle being much less than c.

)

30)

)



4AE = 64 G° m I
—_— _— —'—— -(1014’.)
A~ 5 c“ b"

where b is the distance of closest approach,

The upper cut off frequency of the radiation is

) ()

where = vV
£ T
and v - velocity of particle

¢ - velocity of light
The total energy emitted as gravitational fadiation is

therefore equal to

A = (7.7) 6° n* M A
c4 b , -(1.15.)

in a pulse of length about 1.7 x b secs
£C

Rees, Ruffini and Wheeler point out that typical parameters

could be
M = l NIQ
m = l IVI@
b = 100 km

/8 = 001

for an event taking place in a dense galactic nucleus.
For this situation |
| AE = 4.5 10%7
with a pulse length of 50 ns.

VSuch a situation at our galactic centre would produce



a gravitational wave amplitude of 6 x 10 e

Pulses from Very Distant QObjeects

32)

Thorne and Braginskii have recently considered a
different type of gravitational wave source. They point
out that it is likely that supermassive black holes
(1 ~ 10°¢ to_lO"’ Mg ) exist at the centre of quasars and
galaxies. They then calculate the gravitational wave flux
that would be expected on earth from the formation of the
superheavy black holes -and the collision between themn.

Results of such an analysis yield that, assuming a
distance of 10“,light years (Hubble distance) the gravitational

wave amplitude is 2 x 10“”(M i ), the duration of the
10° N

10

pulse being (™ 90 sec(ﬂﬂT_ﬁiy The number of such events
that would occur range from 50 times per year to 1 per

200 years depending on the model chosen to estimate the

number of such black hole systems.

Astrophysical Generators of Continuous Gravitetional

Radiation

Binary star Systems

¥
It has been estimated that as many as % of all stars

ey
‘are binary structures. The system is two stars of mass M,
and 1, rotating at a frequency @, and an analysis of this

type of system yields

dE = [32) & /M, « M. T4 wb
dt 5 e \ i, + l. -(1.16.)

This equation may be applied to both observed binaries

and postulated ones. The results are summarised in Iig. l.2.



Fig. 1.2

Name Period Spiral distancd Flux h

time (pe) W.m?>
1 Boo 268 dal2 x 107y 12 1.8%x10 1.2 «20”
YY Bri| .321 4[6.6x10° y| 42 2 x107%*| 1.6 x 20"
Wz Sge| 81 min |1.1x10% y| 100 .04 x 10" 1.2 «10®

Hypothetical Binaries (Characterised by sepavabion ‘)

* 10" ko 12.2 sec|3.2 y 1000 2.7.10°| 2.5 x 16"
10° km| .39sec|2.8 hr. |1000 2.7 10" | 2.5x10"
10" km| 12.2 ms |1.0 sec | 1000 2.7+10% | 2.5« 105"

10 kul .39 ms| .1 ms 1000 2.7 10" | 2.5« 107

(Based on Ref.23 page 990)

A SUMMARY OF BIHARY SYSTEMS




From the figure it should be notedvthat some :
postulated fast binary systems are_rélevaht to a search
for continuous radiation described in this thesis.

Mironovski (l965§vhas estimated the ihtégfated flux
from all binary systems in the Galaxy with periods greater
than or equal to 1 hour. Hé predicts an incident flﬁx of
10_q erg cmq's4,the spectrum being peaked at a period of
four hours, This'gorresponds to a graﬁitational wave amplitude

of 1.8 x 10 % _

Gravitational Waves from Rotating and Vibrating Heutron

stars

The amount of gravitafional radiétionbfrom a star
collapsing, causing maybe a néutron star, has been dealt
with. This section deals with the continuous gravitationsal
iadiation expected from a neutron star after it has been
formed.

The neutron star is ablé-%; emit gravitationalbwaves
by both rotation and vibration.

In order to obtain gravitational radiation from a

-rotating body there has to be a deviation from perfect

rotational symmetry. Such an asymmetry could be produced
by tﬁe presence of strong magnetic fields, if the magnetic
axis does not coincide with the rotational axis.

This would mean that the star would tend to flatten
at the magnetic poles and thus produce a time vérying
quadrupole moment. The power'iadiation (1) from a
glightly deformed, homogeneous sphere with moment of inertia

I and eccentricity e is:-



L = 3 G I e w :
) — _5 . - -(10170)
5 c :
The value. of e may be limited by various processes.,
As a lbwer limit for e one could take that due to the magnetic
field

2 ") 1

e = B a e~ 10
| 2 6 1I°
The value of e could not be so great as to predict that
the star unld slow déﬁn at a rate greater than the observed
value} this gives e ~'10-3. An analysis of the strength
of star crusts and ﬁheoretical interpretation of the
glitches of neutron stars indicate a value for e of
lOd-— 10“7 « The Crab pulsar (NP 0532) is the fastest
pulsar known at present,and the values predicted for this

34)
are ag follows

h¢ .7 <«20°°%  fore = 10°
~ 10*t0 10°°° for e = 10~ - 10"
32 for e = 107"

h > .7 x 10~

Thé fact that'tﬁe luminosity is proportional té the
sixth‘power of the rofational frequency means that if fast
pulsafs exist, théy will of course radiate much more. After
the star is newly formed, it will spin fast and will start
to slow‘down.

The progress of suéh a stgr has been analysed by
various authors. Sejnowskfiéstimates that a neutron
stér gh‘éﬁf oﬁn galaxy fépidiy rotafing‘during the first

few days of its life has a frequency of about 10°Hz with a



gravitational wave amplitude of 107" at the earth.

Vibraticns of a Neutron Star. A vibrating neﬁtron

star can also emit gravitational radiation and liisner, Thorne
and Wheele;i%redict oscillatiops of the order of 1 kHz with
a damping time of a few seconds.

The power output for a typical mode, of frequehcy
5 kHz and damping time 11 secs, is 1 x 1d“ﬁgf\v. 88 is the
fracfional change in the star's radius, and values for this
figufe are not known. -~ The predicted wave amplitude at the
earth for a star in our galaxy would be 4 x 104t%gand even
for unlikely large & the effect is too small to be detected
in the near future.

Incoherent Continuous Gravitational Radiation

Gravitational radiation of an inccherent naturé could
be found by mass transferring from one system to another,
pefhaps even falling into a black hole.

Background radiation of the type similar to the 3K
- microwave background is tpought to exist at a lower tem-
pefature (€1.6 K). However it has been shown that it is

- ' 34)
too small to be detected by present methods.

A summary of the various sources is presented in Fig. 1l.3.

The Detection of Gravitational Kadiation

As stated previously,for two free masses changes in
the Riemann curvature tensor will produce a tidal force
between them of P = mc*L Riwo (Bqn. 1.5.).

A gravitétional radiation defector could therefore

/
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A SUMMARY OF POSSIBLE GRAVITATIONAL WAVE SOURCES



1 :
consist of two 'free' masses and the separation between

them monitored. However a more common approach is to
construct a resonant system with an equivalent spring
between the masses; this only alters the equation of motion

of the masses to

b
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-(1.18.)
&he harmonic system in its simplest form, Jjust
consists of an aluminium cylinder. Applying it to the
above situation the two masses m would be equal to the mass
of ¥ the cylinder and the spring constant such that the

resonant angular frequency is equal to /%; .

Analysis of the interaction of a cylinder (rathef than
two point masses) to gravitational waves shows that no
great error is introduced by considering it as a system

" of two masses with a spring. (Chapter 5, Zqn.5.3.) gives the
nunerical difference);

Therefore gravitational radiation interacting with the
system induces a motion in the detector and this motion is
converted into an electrical signal by various transducers.
The sensitivity of the measurements of distance is limited
however due to the thermal motion of the detector and the

noise of the sensing system. These factors are discussed

1 By 'free', in,connection with this usage, one means that
the frequency of the exciting force is much higher than the

resonant frequency of the masses plys supports.



in Chapter 3.

A Summary of Gravifational Radiation Detectors

The type of gravitational detector.deéigned by Weber
has been discussed and a diagram is presented in Fig. 1l.4.
Other detectors similar to Weber's have beén constructed
by Tyson, Garwin, Douglass and Bonazzola. The detector
designed by Billing et al- although very similar to Weber's
uses a different method of affixing the transducers to a
single aluminium cylinder.
Braginski et al used a single cylinder with a
capacitive transducer at the centre of the Bar, the motion
being transferred to this point by metal,hérns.( Fig. 1.5.4A.).
The separation between fhe platés‘was maintained at a
distance of a few micréns by a servo system, and the change
in the capacitance was measured by a radio frequency technique.
The design used by Drever;AAplin and Allen is that of a
split bar detector.(Fig.l;4.ﬁ.). The aluminium cylinder
is cut across the centre and the piezdelectric transducers
are inserted into the gap, rather than onto the surface of
the aluminium.,. This type of detector gives a much higher
coupling between the mechanical and electrical systems.
As the signal voltage is higher due to this increase in
coupling a Widér bandwidth may be used, thus giving the
éxperiment greater time resolution.
A different type of detector has been used by Hirakawa
et al? lt_consists of a 'square' of alumiﬁium (Fig.1.5.B)
and used a capacitive transducer.
A 'free' mass deteétor has been used by-Eorwardgg% al

/

at the Hughes Research Laboratories. This type of detector
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uses a laser to monitor the separation between two
independent masses. An extension of this type of systen
is shown in Figure 1.6.

The sensitivity of various experiments has been
. analysed by Paif?)and his results are presented in
Figure 1.7.

Conclusion

On comparing the senSitivity of preSent detectors
(Fig. 1.7.) with the magnitude of the effect exvected from
various gravitational wave sources it is found that, at
present, one might expect to detect very infrequent bursts
from supernovae in our own galaxy. This ﬁeans that in-
provemnent has to be made in the sensitivity of detectors
before a reasonable rate of detection may be achieved, due
to the inclusion of supernovae from other gélaxies. Much
of the work in this thesis is %n investigation into
possible improvements of détéctor sensitivity.

The low noise ampiification of signals from gravitational
radiation detectors is a major problem. This problem has
been approaéhed firstly by considering the possibility of
reducing the noise in Field Effect Transistor amplifiers,
which are used at present, by cooling the transistor.
Secondly, new types of amplifier have been considered and
in particular measurements have been made on the noise per-
formance of a Superconducting QUantum lnterfefence Device
(sSQuID).

Using‘the knowledge gained from this work the
sensitivity of many different types of detector has bheen

’

evaluated in order to form conclusions on the best type of
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The experiment

Sensitivity'(%ﬁ

Weber 69-70
Weber 72-73
Tyson 72-73
Braginskii 72
Drever 72-T3
Bramanti 73

Garwin 73

3.6 x107"
1.2:107°

9x.10”1
2.1x107"
1.8 107"
4.7 x10"
4ot 2107

9

6

A SUMMARY OF DETECTOR SENSITIVITY (PAIK)
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detector to construct. The possible use of sapphire, as
well as aluminium, has been investigated and some of these
calculations are presented in Chapter 3.

Pulses of gravitational radiation, including the 16w
frequency type, seem the best candidate for detection;
however,continuoué radiation should not be neglected. As
mentioned previously a few experiments have been performed
in this field, including the experiment described in
Chapter 5. In carryiﬁg out this experiment, and anticipating
new experiments, various techniques‘of extracting con-
tinuous signals from noise are necessary and the implementa-

tion of these techniques is described in this thesis.




Chapter 2

Investigation into the LowlNoise Amplification of Signals

The need for low noise amplification of signals
from gravitational wave detectors has been emphasised
previously, and the object of this chapter is to consider
some possible improvements.

Field rffect Transistor (F.E.T.) amplifiers are used
at present, in the 1 kHz frequency region, to amplify the
signals from the transducers.( Fig.l.4.). The possibility
of cooling this amplifier wés considered and also the noise
performance of a new type bf low noise émplifier was

measured.

Investigation into Pield Effect Transistor (F.E.T.)

Mmplifiers

Up to the present,in connection with the amplification
of signals from gravitational radiation detectors,PF.E.T.
amplifiers have been used in the frequency region around
1 kHz.

Investigation therefore has been performed into the
imprdvement of noise figures by cooliﬁg F.E.T.s working
in this frequency range. |

In any amplifier the first stage produces most noisc,
as the noise of subséquent stages is amplified less. It

.Was therefore the first étage F.E.T. that was s%udied and
cooled.

Firstly the methods of measuring the noise in F.E.T.

amplifiers will be discussed folloﬁed by a description of



experiments on the réductiop of noise by cooling.
Measurement of P,%,T, Noise

In‘the frequency regidn of interest the noise in a
F.E.T.Vmay be represented by two noise generators connected

~as shown below.

Bias V‘?[f“ﬁc’ Gate Droin
feS(Sfof‘ noise

: N

\J

‘L?' = %‘QG R correat - Source

Nnoisec

——— —te
Lo = . -

. The voltage noise component is thought to be
due to.the thermal noise from the resistance of the semi-
conductor channel. The current noise component, in this
fréquency region, may be attributed to shot noise in the
/ gate leakage current. The biasing resistor, required to
keep the gate at zero potential, will also pfoduce thermal
current noise; however, by ihcreasing the size 6f the
resistance, the noise can be reduced.
The method of measuring the two noise components is
o consfruct~a circuit as Shbwn in Fig. 2.1., This 1is
essentially - . a high gain, low noise, ampliiier-(Fig. 2.2)
followed by a bandpass filter set from 500 Hz to 1.5 kHz.‘ |
The output from the bandpass filter is measured by an RMS

voltmeter.

The two contributions were separated, in the first place,
by connecting a large qapacitance, from the gate of the R.E.T.
to earth, to short out the current noise and leave the
voltage noise component. Secondlx a small capacity was

then connected between the gate and earth, and the total
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noise voltage was measured. Ihé voltage noise was then 
subtracted in quadrature leéving the current noise voltage
developed across this capacifance, and  the absqlute value
of the current noise was then calculated.

The value of the large capacitance was chosen to be
10,000 p¥ and it was found to be adequéte in shorfing out
the'durréht noise coﬁponent, for frequencies around 1 kHz.

The output level was then measured for a range of
: Smallér capacifors, and it was found that the noisé began
to increase because the current noise became . important.

This method of using many capacitors ensured that a false
reading was not made due to a dirty capacifor. The
capacitors had to be kept very clean to ensure that there
was no current ieakage introduced-across its surface, which
would produce noise. A fypical graph of output noise as
a fﬁnction of capacitance is éﬁqwn in Fig. 2.3., the type
of F.E.T. being a Texas Instruments BF 818.

‘ In order tp relate a measurement at the output with
an equivalent noise power per unit bandwidth at the input
"both the gain and the bandwidth have to be known. A
method of préviding an absolute calibration without
'neceésarily knowing these parameters ié to use the thermal
noise from a resistor. Seve?al wirewound small value
resistors (10 - 1001) were used in turn to obtain the
voltage produced by them at the output. The result of
such a procedure is presented in Fig. 2.4.; the optimum
capacity of the ampvlifier was cobtained from Fig. 2.3;

The standard Nyquist fofmﬁla was then used to calculate

the noise at the input and the gain -/ bandwidth product



Fig. 2.3.

oo~0m

| Cav 2oue}ioede)

000Z | 000! 005

- 4dogg = Ayoede)
wnwdQ

o]

n e

T —e—

LAdHT THL LV ALIOVAVD 40 NOIIONOZ ¥V SV ASION IAdLAO

ier (rn\/)

x
|

Output of the ampli



OUTPUT NOISE AS A FUNCTION OF RESISTANCE AT THE IKPUT

200

Resistance (/L) |

100

1301

§
o
N ©

Output of

(With 680pf

100-

o O
> . @D

the amplifier { mV ).

capacitance on the input )

\



was deduced. A cross check was made between.these
values with an actual measufement of gain and bandwidth
and agreement was found.

Measurements were made on a preamplifier with a
Texas Instruments BF1818 (E8000) Fem.t installed in the
éircuit as shown in Fig. 2.2. » _

These results show that for this F.E.T. the optimum
capacity* (Cpt) is 680 p¥ and a total noise resistance (Rawsd
of 226 .0. (The noise resistance is that resistance whose
thermal noise, at room temperature, is the same as the
total amplifier noise).

The noise temperature is taken in this case to be

the temperature a resistance of value _!_ would have to
- - W G opt
be in order to produce the amplifier noise.

3

iee T = 290 WCaRaue
The noise figure in this case may be calculated by the
following formula.
F = 10 log, (1 + OCept Range)
Applying these formulae to the amplifier above, the
noise temperature was found to be -287K with a noise figure:

of 4.19 x 10 dB.

% The optimum capacity means the capacity at which the
voltage noise is equal to the current noise. It is
the optimum situation when a charge signal is developed
across a capacitance,. such as that frém Piezoelectric

transducers. ;



Noise Improvements by the Cooling of F®.E.T.S.

It was thought that the noise of the F.E.T. would
reduce on cooling. For example, the voltage noise of
a ¥.E.T. is attributed to the thermal noise of the channel
resistance. The thermal noise from.a resistande is

governed by the 'Johnson noise' formula (uv'= LkTRdFf), and

- s0 would be expected to decrease on cooling. It was also

expected that gate leakage current would decrease when the

semi-conductor was cooled.

fo cool the P.E.T. it was embodied in the end of a
copper bar as shown in rige. 2;5., the copper bar then
beihg immersed in liquid nitrogen (77°K). The chamber
where the F.E.T. was installed was evacuated with a
rotary pump: this was done %o pre%ént water condensihg in
the region of the F.E.T. when it was cooled. In order
t0 measure the temperature of the copper bar a thermo-

couple was fixed to the copper but was electrically

insulated by two very thin sheets of mica. This insulation

did not seem to imrpair the temperature measurement.

' fTests on the (BP 818) F.B.T.

This selected low noise field effect transistor was
used as the input of the amplifier as shown in'Fig. 2e24,y
and the DC current through the device was set to be about
10 mA. As the noise was measured at the output of the
amplifier it was important that the gain did not change,
as a function. of temperature, hence producing an error in
the evaluation of the noise. .Measurement of the gain
from room temperature to that of liquid nitrogen was made

experimentally and no significant change was observed.
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(The amplifier shown has . negative feedback, so not
much change in the gain of the amplifier as a function of
temperature was envisaged).

Voltasme Noise., The F.E.T. was biased with a 600 K Meg

resistor onto the.gate and a capacitor of 5,600 pF was
used on the gate to short out the curreﬁt noise component.
The circuit was set up as shown previouSly in Fig. 2.1.,
and the noise voltage was measured out of the sjstem.

Measurements of voltage noise were performed while
the F.E.T. was heating up from the liquid nitrogen tem-
perature. The reason for this was that noise was
introduced by a micfophonic mechanism from the nitrogen
boiling on cool down. The whole'cold-finger apparatus
containing the F.E.T. was suspended by a rope to attenuate.
any microphonics from the room. Results for the voltage
noise of the BF 818 F.E.T. are shown in Fig. 2.6.

From these results.it is seen that,in the range
from room temperature to 77°k, there is an optimum tem-
perature as far as voltage noise is concerned, and for this
"P.E.T. is 150 °X. The voltage hoise at this temperature
was .8 times thét of the room temperature value, and was
1.1 nv / JEz+ |

The Current Noise Component. The noise current was

measured by connecting a smaller capacitor to the gate of
the F.E.T. The size of the capacitor necessary of course
depended on.the currenf noise, However,100 p¥ was a suitable
value,as it gave an easily measurable effect due to the
current noise and still remained mgch larger than the

stray capacitances in the'system.
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With a 100 pF capacitor onto the input the ncise

was measured, as before, whiie the F.E.T. heated up from
liquid nitrogen temperature, the F.E.T. beiﬁg biased by
625 Klifl resistor. The current noise was then calculated
as previously described and the results of this are shown
in Fig; 2.7«

It was also decided to test the amount of current
noise introduced by the resistor. The fﬁnction of the
resistor is to provide 'a path for anj leakage current from
the gate, thus holding it near zero voltage. With the
F.E.T., cold it was found that the leakage curient was small
enough to enable the ¥F.E.T. to remain biased with only the
capacitor connected. The improvement obtained by exclusion
of the 625 KM resistor is also shown in Fig. 2.7. The
noise contribution is more thap calculated and this is
- probably due to surface leakage or excess noise in the
resistor. r

The noise due to surface current leakage is quite an

important factor and it was noted that it was ﬁossible
that the plug also connected to the input was causing
current noise. It was therefore not used and the capacitor .
was soldered directly onto the input lead. The improvement
due to this change on the BF 818 F.E.T. is also shown in

Fige 2.7,

Other F,2.T.s Tried |

' The noise components of a VX 9286  P.E.T,
were measured, As this F.Z.T. has a very high transconduc-
tance the voltage noise component could be expected to be

/

'quite small. The relationship between the voltage noise
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and the temperature was very similar to that obtained for
the BF 818. However in this case the voifage noise did
not fa11 b¢1ow the'roomvtemperature value of 2.3 nV / JHz.
The noisé-meaéureménts on"a,Texas»Instrument‘BF 817
low noise F.E;T; proved to be much more fruitful, and the
results are presented in Fig. 2.8. The current noise
component was measured with no bias resistor or input plug
connected. This ¥.5.7. had the best noise performance
measured,with a minimum #oltage‘noise of .9 nvV / JEE at
 a tempefature'of.l45 °K, and a current noise of about
1.2 x 20°4 /7 JEE. - '

‘An Investigatidn into another liethod of Reducing the

Current Noise
| It was thought that the leakage current could depend
very much on the Drain - Gate voltage and indeed perhaps
an avalanche effect could occur. The Drain - Gate
' Voltage was therefore reduced for both the BF 818 and
BF 817 F.E.T.S.

For the BF 818 F.E.T. the voltage was at 3 volts and
“Was reduced to 2.4 volts but no veduction in the current
noise was noticed. The BF 817 F.E.T. voltage was reduced
- from 4.75 VOlts to 3 volts again with no reduction in the
current noisé. - The voltage was not reduced below these
values as this would bring the voltagé near to the 'pinch
off* region.

Conclusions

‘he Voltage Noise The. curves as shown in Figs. 2.6. and

2.8, have the same form as the curves obtained by others
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during work on different r.fi.T.s .
- Haslett and Kendall?geport an optimum temﬁératﬁre of
'140éK,_with an improvement over room temperature by a
factor of 2; however, the F.E.T;s described have_é higher
noise level (~ 3 nV‘/.fﬁE)f
| The frequency of‘l kHz is just in the low frequency
excess noise region. It is generally thought that this
'excesé low temperature noise is caused by a generatiqnf
recombination mechanism, and the resonance dﬁe to inter-
‘gap trappingAlevels. These levels are thought to be due

: - : A : : 39,40)
to either gold or oxygen impurities in the semiconductor,

The Current Noise Component The main source of the current
noise>at the frequency of 1 kHz i§_shot noise in the gate
leakage current. Atihigher.frequencies induced grid noise
ié caused by the channel noise inducing a current in the
gate, due to the capacitance.

_The results have shown the noise contribution of the
bias registor and the electrical pluge. fhe effect of
leakage due to the ceramic base of the K.E.T. may also.be _
a contributing factor to the current noise. It is fhought
-.that these added_contributiqns, to the current noise, are
responsible for the cﬁrrent noise not reaching a smaller
value on cooling.

_Sumary | |

In this work the lowest va1ueé nmeasured for the #.E.T.
noise have been .9 nV‘/,fﬁE for the voltage noise and
.le2 x ldﬂgmp / JHz for the' durrent noise at an optimum

temperature of 145°K. By connecting F;E.T.s in parallel



the voltage noise can be reduced at the expense of
increased current noise, and this does give a method of
optimising the amplifier for a particular application.
An amplifier.using one cooled F.E.T. would have the
following parameters

-Optinmum capacity 210 pF

Total noise resistance 98 Al

Noise temperature .038 °K

Noise figure 5.6 x 10 ' dB

Several other low noise amplifiers were considered
and an extremely promising one was a Superconducting
QUantum Interference Device (SQUIﬁg;q;Qich.hed only
recently been developed. It was thought that as the device
was operating at a very low tempe}éture (4°K) the thermal
noise contribution would be small. Initial measurements
described in the literature seemed promising; however;the
noise contribution of the SQUID was not clear,and this had

to be investigated.

An Bxperimental Investigation into the Noise of a

>Commercial SQUID

A commercial SQUID was acquired for fhe'purpose of
investigating its possible use in the low noise amplification
of signals from gravitational wave detectors. The type
investigated was a symmetric SQUID operating at a bias
frequency of 19 lHz. ‘

Tﬂe SQUID used is shown in Fig. 2.9., It is con-
structed from niobium which.is a superconductor at
liquid Helium temperatures. It may be considered as a

superconducting loop with a 'weak link®' introduced into
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the loop.  The weak link in this case was that of a
niobium screw tip onto the niobium surface.

The SQUID is a device‘which reacts to external
magnéticlflux in such a way that it will exclude the
applied flux until the current flowing in the SQUID,
necessary to oppose the flux, reaches a critical value.

At this Doint'the SQUID will allow 1 magnetic fluk qﬁantum
(h to enter and this value will not agaln change until the
condltlons for 2 quanta are reached.

If the SQUID is blased with a high frequency external
flux, the flux level allowed into the SQUID will be
chahging its quahtum number. This changing of quantum
levels affects the RF driving cirduit in a waj that depends
on both amplitude of the flux change and the DC component
of the flux. | -

- 9he electronic system for the SQUID obtained is shown
in Flg. 2.10. It consists of a 19 MHz RPF oscillator,
which can be amplitude moduiéted;_weakly coupled to the
driving circuit and this provides the RF_biés. The driving |

‘circuifris monitored by use of a preamplifier - ampiifier
combination, cdnnected to a diode detector. The driving
coil.ié'tuned to resonance at 19 MHZ»by an éxternal
-gapacitor.

If the level of the RF biasing signal is monitored
as a function of RF dfive applied, a step pattern is ob-
tained as shown in Fig; 2.,11A. However if the level is
monitored as a function of the DC flux introduced by the
biasing coil, With a coﬁstant driv%ﬁg signal amplitude

a triangﬁlar pattern is obtained as shown in Fig. 2.11B.



Fig. 2.10.
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The SQUID was cooled down to liquid Hélium temperatures
and by modulating the amplitude of the RF level the step
pattern was obtained. With a constant RF amplitude a low
frequency current was added to the bias signal,and this
produces the triangular pattern when the low frequency
signal was used as the horizontal axis of an oscilloscope.
Noise NMeasurements on the SQUID

A constant RF amplitude was applied~to the SQUID, and
the output of the detector was obsefved as a function of
time. For a sinusoidal low frequency signal applied to
the coil the output was, for low amplitude, sinusoidal (this
corresponds to operation on the side of a triangle). If
the amplitude was increased the sine wave became distorted
due to the fact that it was being driven beyond the extent
of the triangle.(Fig. 2.12.).‘ To ensure that the sine
wave was limited for both positive and negative amplitude
equally a DC bias current was introduced to set the zero
level half way along the triangle. |

By nmeasuring the s;nusoidal voltage from the detector
just before the signal limited a measure was obtained of
the voltage output that corresponded>to a flux change of
¢V§‘in the SQUID. This was essential to calibrate the
noise in terms of flux units.

A circuit was constructed as shown in Figure 2.!3.,
the bandwidth of the filter being set from 500 to 1500 Hz
and the KIS level was measured by a meter.,

"With the SQUID workingwunder a constant RF bias and
with no external field applied the’RMS signal level fronm

the detector was measured. This voltage was related to
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'_..
)
Q.
l——
D
(@)
DC_ flux ; OUTPUT
INPUT
'.-.
oD _ ,
2 |
2 : /\\//\

INPUT DC flux ' OUTPUT

N ::> INPUT

DRIVING THE SQUID WITH A LOW FREQUEINCY SIGNAL




Fig. 2.13.
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-flux noise at the input and it was féﬁnd to be 2.9 «x 1o‘“é%£§i '
With the SQUID not working but with the inductance
cooled to ligquid Helium temberature there was no measurable

difference in the value obtained with the SQUID working.
This indicated that the dominant noise was produced by
the biasing system and amplifying circuit. Zimmerman“”
also points out that the intrinsic noise of the SQUID is
about 10~ ¢ / JEZ in the frequency range discussed in

the paper. A result of 1d%ﬁ,has been used in the cal-
culations as this should be attainable with better)electron—

43) 83

ics and indeed has now been measured by others .

General Conclusion

The work done on the cooling of F.E.T.s does offer a
method of reducing the noiée by a'significant, but not
‘.1arge, factor. The noise performance of field effect
transistoré, as a function of.cqoling, does imprqve at
higher frequencies; and an'afgument could be made for
transferring the'signal to higher frequency, if a suitable
low noise mixer cbuld be found.

The noise performance of the SQUID was found to be
in excess of the theoretical noise, and the investigation
;Shdwed thaf this excess noise waé produced by the RF
biasing system. This noise is -an importantzfactor used
in the calculations on the sensitivity of detectors using
SQUID sensors, and is of concern when the effect of the

sensing system on the detector is considered.



Chapter 3

An Investigation into the Sensitivity of Various

gravitational Wave vetectors

The sensitivity of various gravitational wave detec~
- tors to pulses of radiation has been considered, and in
this chapter the analysis is pertormed in detail, for tﬁo
" detection systems. The Brownian motioq of the detector
is considered along with the noise introduced by the
sensing system. However, unlike the majority of previous
calculations, perfprmed_by others, the effect of the
measuQing system on the détector is considéred, and indeed
is found to be an iﬁportant factor.

Firstly a detector using a capacitive sensor coupled
to a E.E;T.4amplifier is considered for both aluminium
andVSapphire bars. The infofmqtion gained ih Chapter 2
on the noise components of é-Q:E.T; are used as possible
limits on the present attainable minimum noise con-
tributions. secondly the use of a SQUID sensor, coupled

-onto both aluminium and sapphire bars, is considered and
thé information gained in the last chapter about the

source of noise proves to be an important feature of the
éalculétions. ~The use of sapphire as a detector material
is considered because althoughvthe attainable mass is not
large ( 40 kgm) the Q is much larger than that of aluminium,
and %his more than coﬁpensates for the increased thermal

" motion dorrespondiﬁg to the reduced méss.

lethod o

The method of performing the_éalculations is to consider
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the following general system

Force | -1 '\
, - : | L

Detector Sensor Amplifier Randpass filtec  Tnverse filter

Fige Jeae
The inverse filter is a circuit which changes the
signal from the_amplifiér (corresponding to the detectoi

" motion) into é Signal which represents the force that
would have to be applied to‘fhe detector to produce the
motion observed. 1% may aIso be consideréd in the fre-
quency domain as a filtér which nﬁlls out the resonant
response of the detector to applied force. The circuit
of such a filter is'diséussed'ih Chaptef 5.

' The bandpass filter defines the bandwidth of the
"experiment to a value of df;"JAs the output of the ex-
periment is a'measure ot force applied to the detector,
the various noise sources were considered in terms of force

-noise acting on the detector. The noise components were
then combined to rind the total noise from the system.

the gravitationai wave force signal was assumed to be

. & sinusoidal pulse of a trequency close to the resonance
ot the bar, :and  the pulse could consist ot several
¢ycles. the force measured at the output was then re-

, 1ated'to the ihput force signal in terms of the experimental
‘bandwidth. ‘he signal to noise ratio was then investigated
as a function of the bandﬁ{dth and the counling between

—the detector and the sensor. fThe optinum bandwidth was

then chosen for a particular gravita-



tional wave pulse.

A result that is used in all the following cal-
culations is the_relationship between a sinusoidal force
pulse and the amplitude ot motion induced in a gravitational

wave detector,

ihe Helationship between a sinusoidal rorce Pulse and the

Motion induced: A gravitational wave detector may be

econsidered as follows

&
wherem = < of the total
O (—F
2O uus O nass
e L ] L = % ot the total
Figo 3ob. R
) length

the amount or error introduced by this approximatioh is
small (Chapter 5 nQne Se 3. ) .

~ the equation ot motion is, (ignoring damping)

A°x + wix = F, sin wt ; 0¢t<T
dtz m ' _<3010)
0 ; tOT

Applying Laplace iransforms to the eqﬁation and -

assuming x(0) = 0 and x’(0) = O

(P* + wh) Xp) = Ew(-e™)
i1} (p"' + L,.o") ' -(3.2.)
where i(p)} = x{(x(t)) ='j/x(t) e at

From Equation 3.2. °

X(p) = 1A - R pw
o P om (P W) (P W)

‘(303o>

-1 , .
To obtain x(t) =/<?x(p))use the convolution theorem



t
-~
i.e.VZ [E(p) b(p)| = /a(u) b(t - u) du
‘and noting that f£(t) = (1 O0¢teT
0 T

has the Laplace Transform

£(p) = 1 (1 - €&")
therefore [a 11 - e"’r')1 = (1 ; Oe¢ter
[; {0 ; R
and theretrore using partial rractions _
gp) = F p w - Fow [p - P
S m (p* +W)(P" +w) m (-0 [(p* +wl) (P w‘)]
This has an inverse transform |
| gt) = R w [cos wE - cos wt}
m (W= W) -

Using the convolution theorem on squation 3.3.
t

x(t) = F, W [cos w.(."t-u) - cosS W (t-u)] du
n (W= wy) for t«T
o
= [ & w ’[cos W (t-u) - cos w(t-u)] du

n (W= W) ~ for ty7.

-4

”(3040)
On integrating and letting the force pulse be an integral

number of cycles

x(t) = F . {wsin Wt - Wesin wt {
N Wl W W) | o for t<t
x(t) = 2 Fw {sin (WD) cos w{(t - 1)
—eee 2 ’ 2

'(3050)

€ T
n W= ) for t>7

If the pulse satisfies the condition that wn=-we«2 - -(i.e.

. . v
the power spectrum of the pulse includes the system resonance)

. the above formula for t>u indicates that the anplitude of
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the induced oscillation is

CAx = F T | | ~(3.6.)
o 2 m W ' :

A_Gravitational Wave Detector using a Cépacitive

iransducer

. TQe method of sensing the motion of a detector by

means of the change in capacitance has been used infprevious
gravitational wave experimenﬁ4 . The varlable capacitance
may be used either as. part of a DC circuit or in a resonant
c¢ircuit, and both systems have been considered. the
Tfollowing analysis is for the capacitor installed in a
resonant circuit-as this system seems beﬁtér than the DC
case.

The proposed system is as follows

S

The delector FE.T. Rect ler L.mcl(,mss Taverse. fiter Noteh £ lter T
AMP'-;F“:‘ Filter +o the cesponse SuFf ess e nar fO*JE“d~
(ceatred on of te detector bockward, (—o(aut_‘f\,«a*‘“““

w'«) &,,‘L SISAQL

Y R electreal
e losses

th. 3.c.

The Relationship between the Voltage Signal and a force

Pulse Apnlied to the Detector.

The frequency of motion at the end of the detector is
in the region around 1 kHz, (the detecfor resonant
frequency). The capacitance will therefore have the

follow1ng value as a functlon of time.

C = Co + CI e.)k),ut - "(3-70) |
The equation for the circuit of rig. 3.c. is
Ld*q +Rdq + 1q ,= Vpe F

- M . haad 080
at® at C ; (3.8.)



Ve

and applying the equation for C and relating R to the

electrical Qe
5&)’& swﬂt
+

a qQ + w. dq + w;‘q = Vee Ciq e :
2 - ' * -(3‘90)
dt Qe dt L LC, ,

A perturbation approach is used %o solve this equation.
The following equation is solved and the value tor g

obtained is then used to solve the main equation 3.9.

d'q + w,dq +wiq = Vp o et :
at? Q. dt L
this has the solution
q = Vo e'*f -(3.10.)
L Wi- w0+ J We e %

Qe

One common approach is to choose the pump frequency to be
less than the electrical resoﬁance by the mechanical resonant

frequency i.e. We= Wp+ Wn .

L{2u)gt0,,+ j wcwpg |
| Qe .. |
It is possible with superconducting techniques that the

~-(3.11,)

electrical Q (Qe) could reach 10°% and for this case,where wW.~6.28xi0"

and (e~ 6428 x10 ) squation 3.1l. becomes

_ ywpt
q = V., e

2 L (a1 ’ : -(30120)
e m .

and this produces a voltage across the capacitor of
Y., = VP "*)c'éJwek
2 Wn ) _/




using kquation 3.12. back in Equation 3.9. yields

R ywe t
q’ - VP c. e)w Q&
. ch:z lA)eU)M UJ:
Hence ’ _ . -
- VOur = que_ Cy ' "'(3013.)
c, )

As this is a narrowband signal it will take a time 7 (- 2%%)
(2
to build up to the value indicated. jherefore, in an

observation time ” the output signal will be

Vowr = Cl V‘:, Qe ’f‘

?&_ -(30140)

tvhe time’f can be related to the Q. of the circuit by

b= 29, and so WV, = C Vo we T | ~(3.15.)
We ‘ c. 5 -
and in terms of Ax as 4x = C,;where d is the plate
d | .C° separation
v, = (v,.) w, YAz ~(3.16.)
d 2

the displacement Ax may now be related to a sinusoidal
force pulse (Qf amplitude F,) ﬁhich has the.same length as
the experimental observation time ¢'.
‘u From bquation.3.6; |

AX = ) ot
2m W

Vou.r = | v'\’ “"Oe 4)1 Fo
d /4m WOm




LR = _i)llb m‘(w_,4)’_1_ v ~(3.17.)
g we Iz )

and relating this to the experimental bandwidth,

df = 1
27 |
2 ' -
'R .=-(i) 16 m"(w..}z 16 ag* v* ~(3.18.)
- wc -

\'4

<A Consideration of the Noise Components

she Backward Fluctuation Force

The electrical systemlié as follows

and as before v o= »(émplifié; #oltége noise Hz
| i* - (amplifier current noisq;/H;

R - represents the electrical damping
of the circﬁit and this is related to the quality factor Qe
by R = (@.0)Qe.

The energy in the circuit, due to the resistance
Afhermal noise current, (l‘:é%fd) is equal to kT and this
is related to a broadband noise current ( (*4f) by the

foilowing relation

€ = «<i’» and in fact o= Qe
4 wC

Therefore the energy in the circuit from both the resistor
and the amplifier current noise is given by
£ = {k’-f" + i'Q. L
' 4 C"(-Oe..)
where i© = (amplifier noise current)” / Hz.

“(3.190)'



This ccrresponds to an RMS voltage of

Voo = 1 {xr 4 i Qe ]
C 4 G we
The force produced by a voltage on a capacitor plate is
given by:- r(t) = Vzt) C
2 d
where V(t) is the voltage on the capacitor

d 1is the plate separation
C 1is the capacity
iiowever ‘the Voltage consists of the following components:-
V(t) = V. sinwot + Vg sinwet
where V. is the biasing voltage at a ffequenoy of
) V¢ is the noise signal at w,with 2 bandwidth of We/p,
Mierefore the force bescomes
Ft) = C {V: sin® wpt 4 V. Vs fcos(w.-w)t - cos(w,,*w-.)"u}
+ Vs sin®wet g \
As the svsten detects forces in the region of 1 kHz the

dominent term is:-

F(t) = C WV coswd = B = (y")_g Vs (eusy (7+21)
2 d 2
Substituting for V4 (Ban. 3.20)
P L _\_T:,)z._C_ {k'l‘ + 1°Qe {
d 4 4 WeC

Tnis backward fluctuation force has a narrow bandwidth
‘equal to “%;and a decay tine of fe = 2 Qo/l, .
If an additional filter is added to the output in order
to suppress thils narrowband signal (i.e. a noteh filter)

the noise transmitted in an observetion time” is equivalent

to ¢~

3}
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|
a
T
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Q
3
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k= ‘7"-' a1
Pt o= (1 C{kT + ¢Q¢§w,_
- “(3023')

al s 4.0 Qe af

The Amplifier Hoise

rrom rquation 3.20. the (voltage noisejzfrom resonant

circuit and noise current = 3;{kT + i‘Qeg v
C 4“&0" ?b
and for the amplifiér voltageunoiée = v af

.and these components combine to give

Vie viaf o+ 1{kT + i'Qc { we# -(3.24.)
c 4 WL 2Qe

This»noise may be related to'an equivalent force pulse
by Equation 3.,18.
2 . 1 2 2 4C 2 .2
F,:_Sl_l6mw.‘l6df{vdf+l{k1‘+1Q¢gw¢1
( We c . 4W0 2Q.2 af

V.

“(30250)

z

F = 16 m’(w,‘.\)‘(d“)‘ {v’16 af®+ 1 rr + i'Qefw.4 df3z
' We

V.

C 4 WL Qe

‘(30260)

The Noise Ime to the Brovmian Motion of the Detector

The harmonic oscillator of ¥ige 3.be. has a mean

thermal energy of k¥. (where k is Boltzmann's constant

and %, - the temperature of the defectof). It may be

shown that the white noise force signal required to excite

the detector to an energy of k¥ is

FP:"1= 8m ‘J,kT” -(30270)
- . :‘ Qj; + -

On combining the noise terms /

i



' = 8muk %, df + (16)° m‘(w,.)'(d)’v’ ar®

Qm We _V—,.,

+ (8) m' (_(A_).M)l(_i_)zi {k'l‘e + J'."Q,%(,g).df3 )
wellV./ G 490’ Qe -

+ (vﬂ)"*c we{k.‘l‘e_ + i"Q. 11

- - ;28.
a] 4x4Q. 400" df (3.28.)
To Minimise the ‘total Noise
The above formula has the following form
F = AT, 4t + B y df+ ¢ y afd |
-(3-290)
+ D
—_ B
y daf

where y represents the coupling <=—(d\)z
' v

and A, B, C, D have the appropriate wvalues.

The optimum value of (d)i (as a function of df), to minimise
-

~ the noise, is now found.

u

From above F' = AT, df + (B Adf 4+ Cdf’)y + D

y af
)R = Bar*s car®- D ,
oy af y*
We requirée. gradient = 0
te Y o= D

(B af® 4+ C af®) af

l/"

D
(B df® + ¢ ag*)* ag” (5.30.)

«
]
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i

and ;this optimum value is substituted back into the

equation, . .. the formula for the noise becomes
F' = AT. df + 2(B df*+ ¢ af*)*p”
6 = (Afn + 2(Bdf*+ C)*o™) af

‘(3-310)

This formula suggests that the optimum bandwidth (to

reduce the noise) is zero. However the signal pulse has

to be considered‘at this stage.

if the power spectrum of the signal pulse is enclosed

within the bandwidth of the experiment, the pulse will not

be attenuated. If however the experimental bandwidth is

narrower than the pulse power spectrum thé output‘will be

attenuated, and the attenuation is described by

2 2 - (A
FS-) out = FS\S a (_é_f_ )

.

-(3.32.)

rorce signal amplitude at output

where F‘;\j ok -
| F55;& - Force}signal amplitude at input
Af -  Experimental bandwidth
AF -~ Bandwidth of pulse

Note: This would not be true for white noise passing

through a frequency band ( vhere E'«4f).

Therefore consider. a specific pulse length T and hence

bandwidth AP = 1
T

On considering an experimental bandwidth (df) wider

than the pulse bandwidth.( A ), Equation 3.29. indicates

that the signal to noise ratio(??g will increase on reducing
.ot N

the bandwidth. (The signal is staying the same and the

‘noise reduces with decreasing df)./ Eventually the



bandwidth will become smaller than the bandwidth of the
pulse and the signal will start to be attenuated.

Equation 3.29. indicates that the noise (F) will
eventuéily reduce proportional to df (the point where this
commences depends on the constants which are evaluated
later). However the s{gnal (F;) is reduced as (df?) and
therefore the sigﬁal 10 noise ratio will decrease. Due
to the two opposing éffects)the signal to | |
noise ratio is maximum when the>é£befimental bandwidth |
is approximately equal to the pulse bandwidth. this
argument is iliustrated,ngmerically in the aluminiﬁm
detector case. |

| The optimunm experimeﬁtal bandwidth.is taken therefore
equal to the bandwidth of the pulse. This means that if
the pulse is long and of constant amplitude a narrower
experimental bandwidth should.be used and hence the signal
to noise ratio will be higher. However more energy has
been presented to the detector ( Energy« T'F, . where T is
the length of the pulse). It is interesting to minimise
- the energy fhat is detectable and find the length of pulse
that is best for the detector.

Now d4df = ~%_ (T = the length of the pulse)
the miniﬁum energy is proportional to Rf Tz

From Equation 3.31.

F'2" = (AT, + 2(Bd4af*+ Q)= p%) 1
. | i -(3.33.)
Energy « AT. T + 2(BD 4+ CDT")

For ease of calculatibn this equation will be studied

after the constants have been evaluated in the particular



case of aluminium,

- 4O e

This type of detection scheme is analysed for both

aluninium and sapphire bars.

The Aluminium Detector

The parameters of the system are defined as follows

The Aluminium

o .

Tm
The Electrical

2.5 x 10° Kgn (a 5 tonne aluminium ecylinder,
 as this mass of detector is under
- construction®’ )e
5 x 10-5
6.28x 10 rad s
1.3m (The length of the cylinder = 2.6m)

1

to be investigated

Circuit

e

Qe
c

Te

" _the Amplifier

v

i

6.28x 10” rad s~

10°

2x107°F -

4 X (Due to the fact that the electrical

~

comnonents have 1o be superconducting).

10y / JHz
2 x 10" Amps /JHz'

The parameters as described in Eqn. 3.28 are now

calculated.
Note:

All units are in the MKS systen.

A

(Brownian Noise)

-2
8 mwnk 'l‘" = 3051 lo K'l‘M

Qa




S e

(Amplifier voltage noise)

B = (16)" m" [Wa\v" = 1.6x10"
We

7

(Amplifier current and circuit noise)

c = (8) m’(_u_.):«)l_l_{ki‘c} 1* Qe ¢ We
' We/ ¢ 4w.0) Qe
= 1.3x 205,52 107% 810§
. . "(30340)
= 1.7x10
(Backward fluctuation)
D = cmﬁ{k{re + i‘Q¢§
4.Q4 - 4W0
= 79x107f5.5x10%% 8510707 ~(3.35.)
= -j)_.],xlO“3l

A Numerical svaluation of theQSignal to Noise Hatio as a

Fanction of 4f

An argument has been presented fo justify~the choice

" of using a bandwidth of 1 kHz for the best detection of

» 1 ms pulses. However for the particular case of aluminium
this assumption is shown to be true. |

Using the values of A, B, C, D (with T. = 1°K) pulses

of length 1 ms and 2 ms have been considered and a'graph
of signal to noise ratio(g;)as a function of df for the
two pulses has been constructéd (Fig.3.l.). ihevgraph
does confirm what was previously thought té be'the result,
and the bandwidth should be chosen to equal the pulse length;

ihe sensitivity of the .Detector to 1 ms rorce Pulses

df = 1 kiz {this implies(&).: 2.0x10°% %
: d
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From kquation %.31
CEY = fan o+ 23 at . o) p*far (3.36)
= {3.5010™0, + 2(1.6x107+ 1.7.107) (115 20" {107
= §35.5410M, + 9x107"{ 10®

Chcosing ', such that the therial noise component is

equal to the sum of the other components

2 ?

B'= 1.8x107 = P = 4.,2x10°
This may now be related to the amplitude of the Riemann

tensor and hence to gravitational wave amplitude.

P = mc IR, from Eqn. 1.5

and R,,c* = %h

[t}

=
i

47K
L. <37
mw'L, (3.37)
>h = 4.1x107"
Briefly, the situatiocn corresponding to the minimum
encrgy delectable is considered. It is only done for
this case but it may be extended to other sysiems if desired.
- nom - spt ) (3.39)
Energy o AT.T + 2( BD + GCDT7) :

l/.‘_

3.5% 107 10,0+ 2(1.68x 107 1.78 510" 2%)

. . A N 2z
Therefore redice T until BD~ CD7T ie€ee T =

e | —4
> TN/B = 3x 10 secs
C

This indicates that 0.3 ms pulses correcspond to the
mininum detectable signal energy. However, in order to
standardise the situation the sensitivity of the detzsctors
will be compared for a 1 ms nulse.

-~ b I L . - P TN r .
Conclusicn about T

-

Prom Squaetion 2.30 it ic noticed that under the conditions

S - - » -1 B e 3 =y - RaroRs
of optinmum counling the thermal noise cownonendt becones



®
dominant above a temperature of 3 XK.

The Sapnhire Detector

’ 38)
It has been proposed by Braginskii that sapphire should

be a good detector material. The mass of sapphire
available is not large but, as stated previously, the high
Qm more than compensates and reduces the thermal noise.
However due to the smalier mass it is possible that the
backward fluctuation force has more effect and this is

considered in thé following calculations.

The parameters are as follows

The Bar
m = 20 kgnm
Qm = 10°
Wu = 6.28x10° rad s’
L = 2.5nmn
The Sensor |
We = 6.28x10 rad s”'
Q = 10°
C = 2x10°F
Te = 4°K (Electronics cooled)

The Amplifier
2,107 A/,
107 av|JHe

i

v

The parameters as described in Eqn. 3.26. are
calculated
(Brownian Noise)

A = 10 4 b4 10-2#51\,4



(Amplifier voltage noise)
B = 1.0x107
(Amplifier current noise and Bias circuit noise)

¢ = 8x10'f5.5:10%% 8x20(= [x107"

(Backward Fluctuation)

Kl
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D = 7.9.x10 55.5x10 4 8x10 §= 3.1x107%

For 1 ms pulses

df = 1 kHz and using Eqn. 3.30. (1) = 1.7x107

using Equation 3.3I.

2

[ e g % g
B:l {( ~~;-¢4' v 101 TM -t 2( :{O d + 10 ‘f} (.]._.] x lOSI\)/z g 103

$1.4 20", + 7,000 10° - (3,50

i

i

Assuming that T, is not greater than reom temnereture
1 -20 . - - '
F ~7x10 and using 3Ign. 2.37.
8

h = 1.7x10 - (3.40)

The Value of T,

Frem BEquation 3.39.,which assumes optimum coupling,
the thermal noise is not dominant at room tempersiure.
The fact that the mass is lower means that the backward

reaction has more elffect,

-

A Gravitational Wave Detector Combined with a 3QUID

Sensing System

The coupling system considered was that of a DC
voltage producing the bias for the capacitive sensing
circuit,-thé signal current was then coupled into the
SQUID by an inductance. This DC method is sinilar to
other systems even though . -the details of the coupling

differ.

/.



The system is

To Find the Relation

D_)o -—

as follows

>

I AMP“?'“ Reetiicr Bang\‘mss
—~ % Filter
" Yes {eeptecd o
~ | Bias | W ),
CI'f'OU»\t

Taverse filker
+ fkc. response

Ao L
°F the deteelor,

Cylinder and Signal

ship between the Motion of the
Flux Coupled into the SQUID

Circuit equation = -d°q + 1 q = V. + C g e"""t
at’ L C, L L C,
‘(3‘041.) :
'Solving by a perturbation method
q = V,Co
and apply this to the equation - -
oy
¢ + 1 q = C V.,C., e’
at* L C. L ¢S

q = C- Vo é.}b),..t

L Co( we=wh)
i = € w.V, et

L Co (=)
W¢ >) (AJM
i = 'C' &),,Vo e )"-Jl&t
i = w,.c,(y_)Ax -(3.42.)

: d
s flux into the SQUID = ¢
SN = mutual inductance
"(3-430)

' i‘s = Muw.c, Gif_) AX

and as before this

is related to é force pulse of



_ - A o |
b = N “~C°(Y:) F T | -(3.44.)
: d 2 M (W '
'F, = E\) 2 n P, 1
) Vol Co M A ,
> Fe = (i‘- 4m g, ar ~(3.45.)
. Vﬁ c. \n . . . )

The Ampllfler N01se Term

The noise from the SQUID operatlng at a frequency of
about 10 Miiz is taken to be 10° Q&/Jﬁ_i fhis source of
noise is related to a force bulse on the detector.

The noise is related to a force using Equation 3;45.
and . |

F} = (d\)’ @ mt prar® . =(3.46.)
| .

—_— o §~ - Squid nowse.
' This is not the only source of noise however;-there
is a component introduced by the DC biasing circuit for
the variable capacitor.
i.e. ‘ re A Qe -~ quality factor ox’

circuit

i (e - electrical resonant
le _ frequency
The flux noise coupled to the SQUID (in a frequency
region around 1 kiz) is
2 L9 1 ' : )
§$ = m 47 ch (‘)AC df ‘-(30470)
Qe We ' ’ ‘
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2. The total amplifier noise is

Pt o ( _a_)‘ @Y o' (lar + M4 xzwlc ar ) ast

-(3 048.
v ot M Qe We )
The Brownj.an Noise Term
 As before from squation 3.27.
F* = _’ 8m OkT,df | -{3.49.)

Qu

The Backward rluctuation r‘orc’ev

. 2 .
Assume a flux noise ésdf, is available to be fed back
into the circuit, the value of ‘c‘fs will be discussed later.

The situation is as follows

une requires to calculate V,
Applying the circuit equations and

eliminating I

_Yﬁ.= Jol; + w* M
I, ' 1 + joL

jwC
Eliminating I '
-M Vo= 1
- Lse I jut '
I = - j«C _J__"l_{a Wis + M g Is
‘  Ls 1+ jwi
JwC :
vV =

:@_Ej Ohs + wr M 'g T
s 1 4 Jwlk
JuC -



A

Vo= JWn b g%(l - 1
L.s ’ (1 - %t ))
Now as (e > W
vi= Wi b 1 ar | . =(3.50.)

. Lg
where §;=(f1ux noise)®/ Hz that is available to be fed
onto the input circuit.
Another source of. backward force is the noise introduced

by the thermal noise in the biasing circuit for the

variable capacitor. Ve

R« Wb
Ra
T .
} — | o .
and from the resistance v* = 4 kT. R af
) Vt - 4kTe df
Q we

total v* across the capacitor is

vt = (w:ﬁi + 4k’f¢)df
' Ls Qe

the force produced by the voltage on the capacitor is

(v;, Cv
d

Fr = {wiﬁéﬁ + 4 kT, g(v,)z c* ar ~(3.51.)

Lg Qe LOeC d

F

un combining the noise terms
Fl= Bnwkl, df + (d)* 16 n*{ $2+ 4 KT. T g af> 4 ..
. .QM . v Cq_ ﬁz Qc_ We

*



c e et (v)’{c’wf§:L + 4 kT.ngf

d Ls Qe We -(3.52')
This equation has the form
. R'= AT, df + yBAf 4+ Caf
. - -(3.53,)
y . -
where y = (g)zand A, B, C have the appropriate values.
: \
YRS = Bdaf® - car
oy | y?
and a minimum = y* = C 1
| | B 4f*
this value y =/¢C 3;_ ) -(3.54,)

B df
is substituted (into 5.53.)

1

>F, = AL df + 2J5C df”

%

Py o= (AT, + 2556‘@f) daf ~(3.55.)

l

- The fall off of the noise is proportional to df? until
df falls to df< AT _ when the noise reduces proportional
2/BC :
to df.

The signal F," (of bandwidth dF) will start to fall off
as df* when df < dF. If at this stage the noise is falling
off as df" the signal to noise ratio will stay constant
until the noise reduces as 4af.

i.eo.

e (F9es)

S\anu‘ +o o t;c
ra

N

aF

NEI!
2
o~

!



this offers a range of df to use from dr to ATam

2/BC
if ATu<dF,and it is best to use df = 4 if AT. > dF.
2 /BC ) 2/BC
The optimum value of coupling (V) is dependent on df, so
d

it (Fz)vas constant it might be best to go to smaller df,
but'if not a bandwidth of df = d¥ is choéen.
As before the analysis is done for 1 ms pulses.
To evaluate Equatiéh 3.44. the SQUID parameters‘are
first determined.
§§fl This is the flux noise of the SQUID and it was
measuréd to be 2.9x 10 ' &/ JHz. In the calculation a
value of 10 ‘@.//HZ has been used, as with a better SQUID
this figure should be attained. .
§§:¥ This is the flux noise.that is available at the
SQUID té couple back into the input pircuit. The
measurements,made in the previous chapter,indicated that
the majority of the noise was produced in the SQUID RF
biasing circuit, with perhaps a small intrinsic noise
(~107"®./[iZ) produced in the SQUID.

One might expect that the noise produced in the RF
biasing circuit does not get coupled back, through the
SQUID, onto the input circuit, or even if it did the
frequency of the noise would be too high to affect the
low frequency signals at the input. However the action
of the SQUID will be to *beat down' the RF noise with the
RF pump signal thus reducing the flux noise to low
frequency and this noise is available to be coupled into

the input circuit. This means that the expected backward
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flux noise will be higher than lO”n#y Hz. by assuming

all the noise flux at high frequency is beaten down to

low frequency, the amount of flux available for back reaction
is estimated in the following way:

Consider the following system
u‘A#

O?é} é""

The value of A is such that R = w.L Q. where Q is the

quality factor of the resonant circuit (isolated from the
SQUID). |

The equivzlent temverature, at which R is considered
to be, is above the ambleqt *empe* ature due to thv curre?t
noise from the ampllfler. however from an analys1s of' |
vthe situation in a typical commercial SQulD the biasing
circuit can probably be considered as producing the dominant
noise for é low noise r.s.t. connected to the device.

When the SQUID is in operation, coupled to the device,
.it has the eftect of damping the Q of the circuit to Qeif;
however, the value of K remains approximately the sane.
(ihis situation is similar to an active circﬁit damping
the Q of a resonant circuit without increasiﬁg the noise,
and this“operation can be considered as.cooling the
effective resistance).

T7he noise current through the inductance is

2

i* = Q% 4 ki. A R = Q. L we (3.56)
-



i = Q:“ 4 kT.df

Qe L we'
. .
$e= K'L L 4 kTs Quf 4e (3.57)
' Qe L we’ where K - coupling coefficient
. &b
The value of Qe¢ffhas been calculated by Kurkijarvi ‘)to be
2/
Qeff ~ 1 (k'r 3 |
3/a _E,— +eMPera{\4rz oL SQuio
K %{r:- i.d. (2") ,
Qe ~ 14 [ ki, )"3 (3.58)
K* \ i.&.
and substituting into squation 3.57
P = K Ly 4k (U4)/kF "3
8 S < : ) C3.5q>
Qe We’ K¢ \i. &,
and assuming optimum coupling of
K" Q~1
2 , #l3
Ps = 4 KT.Ls (14) ki (360)
wc'l lc §-o ’

and evaluating this for a typical SQUID inductance of

4 x10"°H and kP bias frequency of 20 lHz. (Te=Ts = 4—")
-6
Ge = 6x10 &/JHz

Firstly an aluminium system with the following parameters

is considered

Mass = 2.5« 10° Kgm ( Total mass = 5 tonnes)
O = 6.28:10% rad s

Qu = 5x10°

Tu = under investigation

Lo = 1.3 m

2«10 F

<
u
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L = 10

Qe = 10°

T, = 4°K

We = Tx10° rad s

108/ JH = 2x10"wb s/Hz

6.0x10°° P, /JEZ = 1.2x107°wd /fHz
4x107° H '

ou

Ls

kR = 1.38x1073/°K
The coupling constant ﬁetween the signal coil.and the
SQU1D is about unity and this means
that M= JL L
M= 2x10 B

The constants as specified by kgn. 3.52., are now evaluated.

(Brownian Motion)

3.5,10

A = 8mw,.k :
-_— "(30 é]o)
Qu :

(Amplifier Noise)

B = 16 m‘g O + 4 kT.C g
C" M Qe We -

= 2.5¢107§10™ 24x26"{= 2500

(Backward rluctuation) :
¢ = {c‘w;@;x, + 4 ki.C .g
E; - Qe We
= 5.7x10%% 6.4 x107%F

The backward fluctuation term is dominated by noise in
fhe'biasing circuit rather than the SQUID. To investigate
the limiting properfies éf-the SQUID this electronic

. : /
circuit is assumed to be cooled enough to let the SQUID



noise doninate.

Equation 3.55. therefore becomes with df = 10%(\1‘) = 8x10°
d

2 3

PP o= (3.5.10"7, + 7.6x10%10° ) 10°  (3.62)

Choosing T, such that the thermal nocise comzonent is

equal to the sum of the other components

"12 he T o a A" s 2 . e Ao’
T mn A Yy A Theam z 2N
“?M = e X LUV S0 Us _L.‘.\‘.,‘_:) _‘J‘.i)& e _e_r]

h 3.8 107"

Douation 3,62 show

n

thet under the conditions o ontimum
coupling thie thermal noise donminates wbove a temnverature

of 220 K.
A Sepvhire Bar Coupled to a SQUID

A sapphire (40 kgm) detector is now considered with the

 following parameters.

m = 20 kgm

W = ‘6.28x 10> rad s”'
= 10°® |
= 2.5 m

C = 2:10"°F

L = 10%H

Q = 10°

Te = 4 K |
We = 7x 106 rad. s

b= 2x10"b /[Ez
o= 1.2x10 Wb /[Hz
L = 4 x107°H

k = 1.38x1009d /K
M= 2x10"H



The constants as specified by Eqn. 3.52, are now

evaluated. .
' , -25
A = B8mwk = 1.4x10
Qn
B = 16n( & + 4 kT, w:C
ct (M Qe We .

1.6 x10%{ 107% 24 x107°(= .16
¢ = §5.7,20%% 6.4x10%¢ 5.7x107"

—

As before the contribution of the capacitor sensing

circuit to the backwardvfluctuation term is neglected.

—

Equation 3.55., becomes (using df = 1'03=>(v>~7.2x10"'
d .

(AT. + 2/BC'x10°) 10°
= (1.4¢10%7, + 6.0x107%)10°

z’g
1l

Assuming that Twis not greater than room tempercture

Note: 1) The veryvhigh(ga)required to achieve tﬁe
optimum coupling indicates that a different system should
perhaps be employed. For instance the type planned by
Pairbank et al, although similar in principle to the
system analysed might be technically more easily
achieved.

2) The ‘analysis has been performed for a SQUID
operating at an,nF_Bias frequency of 20 mHz, however from
the equations it seéms;likely thgt with a high pump
frequency the sensitivity will ipérease, (assuming that

the amplifier noise does not increase excessively at



higher fregquency). The use of high frequency SQUIDS
coupled to perhaps a laser amplifier have been proposed
and it seems a possible system to achieve an improvement
in detector performance.

Conclusions

The results may be summarised as follows :-

The Sensitivitv of the Preceding Doiectors in Terns of

the Gravitational Yave Amplitude

The 5 tonne The 40 kg
Aluminium Bar Sapphire Crystal
Yarametric system -1q ~18
. © N .
with 4-1 x 10 .7 x 10
r.B.T., amplifier Thecmal noise dominates Themal nose not
obove 3 K dommant at room tempenture
SUTD 3.gx107"* | 78 x107'®
[» 2%
sensor Theimal roise dommates]  Thermal noise not
above 220 K doasinant ot reem t:mpud'ure

Por the systems considered here the SQUID sensor does
not appear-to be 2s good ag the r.n.T. auplifier. The
high(%)required for cptimum éoupling of the $SQUID could
probably be reduced by using a pérametric system similar
to that described for the #.E.T. amplifier.

It shduld be pointed out that in some of the cases
considered the opfimum éoupling cannot be achieved in
pradticéi because of limitations in field stréngth. For
this situation some of the eguations and conclusions
presented above do not apply. 1ln these cases the loss in
sensitivity nay be ninimised by reducing the bandwidth and
decreasing the defector temperature.

d that the noise

2
o
D
C+
)

+1 .| 2 .
in the calculationg it was assum

(¢

the noise introduced by the 3QuUiD. 4he backward fluctuation

¥  fThis is almost certainly the situation for the two detectors

using the SQUID sensor.



term was a limiting factor and the value of it has not
previously been considered in the literatiwre.  However,
recent wofk by others seems to agree with the model
presented for the backward flux., V

A Maser system was also considered by an analysis
similar to that piesented above, Results of such an
analysis indicated® that it was an extremely prémising
system with a sensitivity of about 5x 10 with the
detector cooled to a few degrees Kelvin. |

Due to the importance of backward fluctuation it was
thought to be worthwhile to analyse the tlasgow split bar
detectors. ‘he backwardrfluctuation is produced by the
amplifier current noise comfdnént being fed onto the
transducers and causing'a'forcg'6n~the detector. the
increase in the mean energy of the detector, caused by the
backward force, was estimated not to be in excess of about
30% in one detector and to be iess than 10% in the other.

. The assumption, used in Chapter 5, that the detector

energy was equal to kT was not changed, but this result

- should be borne in mind.



Chapter 4

_The Consideration and Implementation of Various Techniques

4o extract Continuous Signals from Gravitational Radiation

Detectors

A characteristic of all éearches for gravitational
radiation is that the expected signals may be bﬁried deep
in the detéctor noiée. In"thié chapter varioué aspects
of the problem of detecting'contihuous signals from |
gravitationai.radiational detectbrs are studied. Thé'
methods of cross correlation and spectrum aﬁalysis havé
been implemented using an on-line digital éomputer, and
detailé of the systems are preéented. )

The type of analysis employed-is very dependent on
the expected form of the signal. | If the signal is ex-
pected to be sinusoidal of unﬁnbwn fre@uency, Fourier
transform analysis is a good method of detection,and for
two detectors this may be extended to crst spectfum
analysis. | If the period of the expected repetitive signal
is known théiméthod of cyclic averaging is a good method
to emplby, as in general it may be more easily implemented
than the full spectrum analysis and also the time of
computation will be less. | | o

The method of cross correlation is useful in detec-
ting signals in noise both as an‘intermediate.stage in
computing the power spectrum and as an analysis technique
in its own right. |

The Cross Correlation liethod of Detection and its

. /
Implementation




Cross dorrelétion‘is“a uséful teéhnique for ex-
tracting any common signal which may be present in two
independent noise sbnrces. By coméaring the'two.signals
in the way prescribed by the method of-cross correlation
any common.signal is enhanced; whereas independent
signals tend to average to Zero. The:cross correlation

function is defined as:-

Tr ‘ ~
R(Y) = ]1.‘ x (t) y (¢-%) dt -(4.1.)
| T v .
where _ €Y - delay
F - length of experimental run

x(t), y(t) are the two signals

However as the cross Qorrélation was performed by digital

computer the discrete function is more relevant.
N-t .

R (kAt) = %I%. yat) «xX( (o - K)?) for N»k
| ~(4.2)

In the search for continuous gravitational radiation

-
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ignel teo noise ratio. Other properties such aas the shape

r

of the fwction were not as important in this caze.
A theoretical study of the sensitivity'of the cross

éorielation techniqué has been performed by several

peopl:?&hé?he result of such an énalysis is that =
' - A h -
ra A (’1%‘) (1%) ~(4.3.)
where | ‘B -« Bandwidth |
g - Integfation time
(%%) - -‘quef signal/noise ratio

o - S‘hm;{o.rc( deviakion ob R .



Ve

. Note: The factor Mis for a 'tuned circuit' bandwidth
| shape, A factor of 2 should'be used for a square
bandwidth. .

To compute the discrete cross correlation function
the two signals have to be sampled at regular intervals
and the rate of sampling is dictated by the following
theorems~ Any signél which is band-limited to an upper‘
frequency limit P Hz is completély specified by stating
its values at a rate of 2F per second or féster. (Nyquist's
Theorem). In fact once these values have.been obtained .
the original signal may be reproduced by the superposition
of many[sinc (t) functions related to the sampled values.
(Shannén's Theorem).'-

As discussed,in the next chapter the cross correlation
technique has been used to search for continuous grav-
itational fadiation in a frequency range from 910 Hz to
1070 Hz. To sample this data one has to use a saﬁpling
rate of about 2 kHz. As the data of interest is from

910 -~ 1070 Hz. one could multiply the signal by a sine wave
:at a frequency of 910 Hz and then low pass filter to a
frequency of 170 Hz (equal to the bandwidth) thus passing |
the difference frequencies and attenuating the sum. This
would mean that the sampling frequency would only then
need to be 2 x 170 Hz |

- However in the search for continuous gravitational
radiation no pre-multiplication was performed and this
meant that the sampling rate had to be high. - It was
desirable that the cfoss correlation was performed'in real

time thus demanding that the programme was able to compute
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the cross correlation function within one sample interval.
Tﬁe speed required posed a problem, and even by.programm-
ing in.machine code the computing time would haﬁe been
too long. However if the cross correlation is performéd
on the polarity of the two signals,only comparison is
required compared to full multiplication, and this means
that the programme takes less time.

In conditions of low signal to noise ratio the loss
in sehsitivity is quite small and indeed may be shown to
be equal to L%) #q In fact the normalised correlation
function R'A(f’) obtained'by using fhe polarity of the
signals alone is related to the full normalised cofrelation

' o 48,41)
- function R ( % ) by the following relation.

R/ (+#) = 2sin” R (1)
7T . . -(4040)

It was decided that the loss in signal to noise

2

ratio was justificd by the speed increase; in the scorch for
continuous gravitational radiation the speed increase
obtained by using the one bit technique proved vital.

The Method of Implementation

A digital computer syStem-combineq with a small )
interface was used to perform the cross correlation'of
signals.

The type: of computer used was a Data General Corps.

Nova 1220 with 24X words of memdry. This machine uses
16 bit words and has four accumulators to perform arith-
metic and logical insfrqctiqns in a time of 1.35 ps.

The interface into the computer consisted of

circuitry to determine the polarity of the signal and then



to store this data in a U type flip flop. This data

wés then éhtered into the compﬁter using a 10 bit A.D.C.
An A.D.C. was not essential as it was only used to sample
a logic level, however it offered the easiest implementedA
choice. The détails and circuitry of thé interface are
discussed later. |

The Cross Correlation Programme

The value of the one bit cross correlation function
at any'one delay point” is computed by comparing the
sign of the signal from‘one source with the sign of the
other signal measured 7 secbnds previously, The number
+1 is added to this delay point if the two signals have
the same polarity and -1 if they differ.

To produce this delay ranging from O secs to mY secs “
(where m is the number of poiﬁps in the delay curve and 7
the time between samples) m»past values for one signal
have to be stored. On sampling the two signals A and B
the store of signél A is updated and all the values in
the store are compared to the one newly obtairned for signal
‘B. ‘ |

. The store of'past values had to bg updated and compared -
to the other channel in the fastest pbssiblertime. The
method chosen for this was to store the polarityvdata as
single bits in_one of the computer accumulators thus
avoiding time wasted in using the computer memory. This
meant that 17 delay points could be computed (present
value + 16 bits stored in aqcumulatof). The operation
of examining and updating the stqrelwés to shift the acc-

unmulator right putting the right most bit into the carry



and examining or setting it to the desired value. The
operation of the programme is easiest explained by
studying rig. 4.1

The A.D.é. is designed to work in such a way that
the data is transferred directly to memory without having
to be passed through intermediate accumulators. This
method of transfer is called the data channel mode. The
sampling rate of the A.D.C. was controlled by a temperature
regulated crystal osciilator. To bperate the programme
in real time one had to ensure that all the computation
was completed before new values were read. However the
delay between completion of the programme énd réading new
values should be és’short as possible.

To determine this timing as acécurately és possible
the D.A.C. was used to indicate when the programme was
running and then the sampling.rate was set in'aécordance
with this information. It ﬁas then found by using this
technique that'the maximum clock rate allowable was 2‘kHz,
which incidentally was barely high enough to perform the
“search for continuous gravitational radiation. |
The Interface | .

-As_the computer A.,D.C. equipment consists of a multi-
plexer connected to a single A.D.C., problems in using
this for cross correlation analysis.are encountered.
FPirstly for thé cross correlation function both signals
should be sampled together, but as the input channels are
multiplexed this is not possible. Secondly cross-talk
between channels was préseht and hence undesirable cross

correlation. The best methecd to éliminate these problems



Start
Zero +/- counters
¥ill channel A store with data | ; This store is an

accumulator

Put D,A.C. voltage up
Start A.D.C. sampling both signals

Get channel A value and test whether s As the A.D.C. is
it is 0 or 1 . writing direct to

Get channel B value and test whether memory these values

. are taken from
it is 0 or 1 _ ' locations which
Set the carry of the arithmetic unit have not yet been
to the channel A binary value. filled this time
| . round
[Test the channel R value |
[v) 1
| Test the cerry| - : | Test the éarry]
4, 4
o (o)
Incremeht the , Increment the sThere are 17 p1u§
) . and 17 minus count—-
+ve counter -ve counter

ers which are
combined at the
end to produce the
final output.

Rotate the store accumulator,

| puttirg the previous value into
the carry and move the present

carry value to the accumulator

|
Increment the addresses of the
+/- counters. .

Increment the programme counter
Reset +/- counters address
Put D.A.C. voltage down

Is it time to finish ?

No Yes
Has the #.D.C. [Interrupt disavle |
S . a
finished Combine +/- counters to
A : obtain the finzl result
Yes ﬂo [Output the data]
Fig. 4.1.

THE CROSS CORRELATION PROGRAMME



was to construct a simple interface. The interface
consisted of two discriminafors with their thresholds
set at 0 volts; this system produces . logic levels de-
pénding on the polarity of the incoming signals. The
binary signals are then fed onto'thé inputs of two D type
flip flops and on the'positive edge of a clock pulse the
déta at the.input is passed to the output and stored.
The_computer wﬁs then able to rea& in thé binary levels
stored in the flip flops sequentialiy and as this was now
a relatively large binary level,cross-talk was no longer
a problem. ‘“the clock for theAflip flops was the D.A.C,
signal used to determine the programme speed and has been
previously mentioned. 1t was ideal for this purpose as
the D.A.C. level was put to 5 volts on the start of the
programme and down to O voits yhen the programme had finished.
The programme was festeq in many ways. for the
- same signal in both channels the value at the zero delay
was indeed equal to the number of samples taken, and for a
siﬁusoidal input on both channels (after the réhormalisation)
a sine wave was obtained for the cross correlation |
function.
With uncorrelated noise fed into both chanﬂels the
cross correlation function was checked for any effect,
and with due regard to the elimination of’mainé hum no
correlation was apparent. Thé signal to noise ratio at
the output was compared to that of the inputv and using
the formula for expected improvement (Eqn. 4.3.) an
agreement betwveen theory and experiment was obtained.

’

This cross correlation system has already been used



in an experiment on the detection of gravitational

radiation and this is discussed in detail in Chapter 5.

The Fourier Transform

The Fourier transform of a signal is given by the

following transformation

a -,_.irré’t
X(£) = ‘/fx (t) e dt
. KA ‘(405)‘
and - -
x (£) = ‘/[x (£) e 2"FF ar

- . -(4060)

However as the Fourier transform was carried ouk’ by a
digital computer the discrete Fourier transform (as an

-

estimate to the rourier transform) is more relevant.

~N -1

1 Z x (k) e-i. 2 §R /N
N k=°. ) -(4070)

and N-}

X (3)

x @) = 2. X (§) et2TIRN
o izo : -(4.8.)
The algorithm used to calculate the X(Jj)'s, both real
and imaginary parts, from the x(k)'s was the one described
by Cooley and Tuke;rﬁw;nd it is called a fast Fourier
transform (FFI). The algorithm is particularly efficient
as it redﬁces the number of operations, for an N point
transform, from Nz to approximately N log, N. The operation -
of the algorithm is as foliows-- (
U31ng Cooley's notation the FFT algorlthm involves
evaluatlng the expression
AL iR
X = Z, A GO W hony
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where W= €7 (L=‘/—_n)
From kquation 4.7.
| If the forward transform is required

AA
X (j) = X(j) and A (k) = %x"(k)

The -algorithm is used when the number of points (N) in
the transform equals an integral power of 2 (i;e. N =27,
and for this example the number of points is set equal |
to eight. B |
J = 0,1, ---,7 k = 0,1, - -~7
and may be represeri’ced as follows

= J2 4 + 3.2 + §, k = kK, 4 4+ k,2 4+ kK,

CJy

where j,, J,s J.» k,» k,, k, are binary numbers.

Equatiorf 4.9. now becomes

e 43,2 +3.)(Re b4 -
x (j sJ 93 ) = ZZZ A(kzsk- 1K, ) \'\/(J"’ )..2.4»)11.)2{;:..)

klso k,so ko=o

Now noting WwWhE w"

W .
W(J;q. + 4 +i) Rl \’\/(3;4-4— 42 +3.)RZ W(.S'L#* 3.2+ 3.) ke

(SI.LI“' 3.7- ’Sg)( hz‘l» + R+ hu)

7 Now looking at the individual terms and rearranging

[wetmu.)m] WAL
[we)zk. ] W(J-“m 2

Note that \/\/8M= 1l for any integer

X.) \A/J.kww(’mo)b w("‘“"‘ “
[

L &, 1

W(:‘zq. + L+ ) k1+

W(hl{-olﬂ-*-‘.}k.l

A ] [} ) V
X (393, 0300 =zzg: (k,,k

k.-ol ko kys o A

A : J
s

Thus the equation may be evaluated by the following steps:




LEE

' 1
A' (jo’ k" ko) = E . A(kg_'klgko) wJoRl[f

hz‘o - . .
. 2 3o k2
. . . § 7 32+ o '
Az (30! dr ko) = A (j.v k,i k.) \/\/C ‘
Ri=o _
! : .
. . . : . (-‘ li"'Jll’-"’)ho
Ay (G0 d,¢ 3,) = 2 A ( v d,» k,) \/\/ :
. hoco .
“and ‘
A .
X (319 j,r j,) = A3(j,t o s j,_) ‘

A summary shdwing'the tefms contributing to each
sun is shown in Figure 42,

The programme used to éompute the components of the
transform was a standard one (D.G.C. User Group Programme
001 by S. Cox and R. Stutheit). This subprogramme was
incorporated into a main programme designed to sample the
A.D.C.'s and after the Fourier transform, compute thé
power spectrun, rescale the data, énd integrate many power
spectra.

The flow diagram of this programme is shown in
Figure 4.3; An important feature of this pfogféﬁme was
'the method of scaling the data toravéid overflow énd the
subsequent integration of the spectra. The timing.of
the programme will be discussed later. The method of
integrating the data was simply to add tégether m sbectra
and divide by the number m. Another method cohsidered
was thaf of the 'scale as necessary' method, where if the
addition of subsequent data (%o the-store) would cause an
overflow the incoming data and stored data were then scaled.
this method has the advantage that overflow cannot occur

but caffies the disadvantage that the incoming data sets
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Set the Bxperimental Run counter to ECOLT ‘
Set start a?dress for storing finzl spectra

|
Set the Final Run counter to FCONT
Zero final,?pectrum

1
Set the Intermediate counter to ICONT
Zero intermediate spectrum

]

1 . .
Obtain dats for analysis 3 Either from the

A.D.C. or from the
magnetic tape unit

Display the data

Look at switch 15 on front panel

———<&—Down ‘ Up
Compute the Fourier transform

Calculate the power spectrum and scale it

Display the spectrum

Look at switch 15 on front panel

< Down ' Up

Y
Add the spectrum to the intermediate spectrum store
Decrement the Intermediate counter
and examine it

-

< £ 0 =0

Divide the intermediate spectrum by ICONT
——Display the intermediate spectrum

Look at switch 14 on front panel

—<&——Down " Yup

Add the intermediate spectrum to the final
spectrum store
Decrement the Final Run counter
. and examine it

<#O =0 .

Divide the spectrum by FCONT

Store this as a final spectrum
Decrement the Experimental Run counter
and examine it

# 0 =0
Change the start Output all the final spectra
t— address of the final ‘on both the teletype and
spectrum store plotter

THE PROGRAMME TO COMPUTE THE POWER SPECTRUM
Fig. 4.3.



are not all scaled equally. The basic danger of the
chosen method was that overflow could occur, but this
danger was averted in the following way.

On returning from the Fourier transform sﬁbroutineA
the output has beeh scaled so no overfloﬁ occurs, the
scale factor being returned in an- accumulator. | As it is
the squares of the numbers that are required, the data
are'made‘positive to ease the operation of squaring.

- The maximum number therefore is 2'% . 1 and this is then
squared giving a maximum number of less than 23°;and this
may be contained without overfldw in a double precision
computer word. The other component is also squaréd and
added to this and nevertheless no overflow can occur.

The scaling'factor returned.f;om the subroutine is
combined with a numerical factor specified by the operator,
Therefore in additioﬁ to the scaling in the subroutine
being cancelled, the spectrum may also be multiplied by
a constant factor. This means that all the data sets
are scaled equally in any one run, The output spectrum
is then displayed using the D.A.C. onto an oscilloscope.
The constant scale factor was then adjusted to ensure that

the D.A.C. did not overflow. The factor could have been
‘set at a 'WSrst case value' so as not to overflow thé
D.A.C. but this ﬁsually resulted in the spectrum being too
small. This was due to the fact that for the worst case )
one would assume all the power going into one frequency
bin, howevef this was not.the case. With the factcr;
adjusted so as not to overflow the D.A.C. and as the D.A.C.

is 10 bit, one is allowed 64 additions before any risk of
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overflow. in fact a maximum number of 50 was allowed.
This was the basis of the method of integration.

‘Less than 50 spectra were added to give an intermediate
spectrum, This spectrum was then divided by the number of
additions and a number (less then 50) of‘theee intermediate
results were added to give a final spectrum. Memory was
available in the computer to store 7 of these final spectra.
| A-The method of output was to plot the spectrum on an
x-y plotter by'using a D.A.C. also a numerical output of
the spectrum was obtained on a Teletype.

‘The Fourier transform was implemented and it was
found that for a transform of 2048, p01nts the time taken
mas about 3 seconds. Two speetral analysis programnes
were in fact written and differed‘only in the way the data
was obtained. One programme used the A.D.C. to obtain
the data. One sample_of:204épvpoints wes read and the
Fourier transform was then eelculated and then another |
sample taken. If the sampling rate was allowed to be
lower than 680 Hz the process of double buffering (filling
‘ene,buffer with new data while operating on the other
buffer) could have been used, however thié restriction on
operation was not imposed.: | |

The other programme read the data from digital mag-
netic tape. The data had been written onto tape by a
double buffering technique in order tq preserve phase from
one record to the next. Thevrourier transform programme
did not use the fact that pnase was not lost between records
but for the method of c&ciie averaging this property is

very important. In order to store the maximum amount of



data on a tape the data amplitude resolution was reduced
to 8 bit, and with 9 track tape this leads to efficient
storage.

Various Problems Encountered and their Solutions

In sampling ahy signal the Nyquist criterion has to
be followed. If this is not done and the'signal frequency
is allowed to be greater than half the clock frequéncy the
effect of allas1ng is introduced. This means that signals
(and n01se) greater than the Nyquist frequency are 'folded'

back down-into the power spectrum (from O to 55Hz, fe

clock frequency), thus giving a false power spectrum.

As only a finite length of data is used for
the PFourier transform; the effect of leakage is introduced.
This may be explained by considering a sine wave, which “
ideally would produce a delta function in-the frequency domain.,
However, as the data is truncated after a time T the Fourier
transform of the waveform in Figure 4. 4. has to be con-
gidered and the resulting transform is a sine (f) function
centred on the frequency of the sine wave.

| This leakage may be reduced by multlplying the data
by a time shaplng function such as a cosine bell or those
descrlbed by Hannlng §> ihlg time filtering was not done
at present as it was felt that signél-noise ratio was
important and not necessarily the»spectrumvshape.

The ‘picket-fence' effect is caused by the fact that
each spectral componeh% may be considered.as a bandpass fil¥
ter and it is foﬁnd thaﬁlﬁhg power frequency response 6f
+the components is as follows, Wherg'the'minimum amplitude

is approximately + +the maximum in terms of power.
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It is shown in the literaturesothat this effect ﬁay be
reduced by padding the data with zero's end increasing the -
resolution of the transform. ,

To test for these effects and to evaluate the algorithm
a sinusoidal signal was added to the noise, and the power
spectral analysis applied to this. With ﬁo noise a sine
ﬁave of variebie frequency,wés fed into the computer.

The sampling frequency was détermined by a crystal
oscillator at 1.25 kHz. and thls meant that the frequency
resolutlon.of the transform was (1.25 x 10 / 2048 Hz.).

A sine wave ranging from 202.0 Hz. to 202.8 Hz. in .1 Hz.
steps was fed in and the results analysed. It was found
that the power leakage did not exceed 6% and the picket
 fence effect did not reduce the power bj nore than 30%.
The eine wave was then added to noise and the signal-noise
ratio was meéeured before analysis, the improvement in
'signal to noise ratio after analysis was then evaluated
and compared with theeretical predictions. | The results
agreed with the predicted values as estimated in the
following section.

In order to decide whether a peak occurring in the
power spectrum is caused by chance one has to decide on

55)53)
the value of the standarad deV1at10n. Many people have
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pointed out that the probability density function of one
bin in the power spectrum is that of a ?(1 distribution
of order 2. In a 3(2 distributioﬁ of order k the standard
deviation equals j?§7£7 x mean value, Therefore if only
one tranéform is performed the standard dgviation of one
frequency value will be equal to its mean value. On the
integration of m power spectra however the distribﬁtion
will be that of a X distribution of order 2m and the
standard deviation will be Jﬁg: = jCi: times the mean

, _ n - .

value, If the noise power of the incoming noise is By
the average power in each frequency bin (assuming the noise
is white) is Py, /n where n is the number of frequency channels.
Therefore the fluctuation in any one channel is D, /07 where n
is the number of channels and m the number of integrations.
If the signal is sinusoidal then most of the power will
appear in one frequency bin so one mighf expect to be able
to detect a power equal to P, /n Jmi
. Any
7one channel has a chance of exceeding a 3¢ level with a
probability of .0013 (if the number of integrations exceed
BQ) The probability that any channel may exceed 3o
= .0013x m, (n = number of channels). It is there-
fore éensible tovdéfine a new level of significance where
the probability that any one qf the channels may show an
effect is 0013 and this implies a probability of .0013/n,
for each channel exceeding 3¢ 7This probability may then
be referred back to a new threshold in terms of the
standard deviation for what one might call a *'3o-effectt,

A graph has been constructed to indicate the standard



deviation that should be set for each bin to give a
certain final threshold for the spectrunm. The graph
is presented in prigure 4.5 .

An interesting question is this s given>a finite length
of data for Fourier analysis, is the best thing to perform
one long Fourier transform or integrate several shorter
trahsforms? If the main objective of the experiment is
to search for a sinusoidal signal (of constant frequency)
in noise, then by the previous analysis it is best to
perform one long transform. The estimate of the spectrum
will not be very accurate as the standard deviation is of
the same order as the mean. Due to the eiemental band-
width being smaller however the noise power in each bin.
will be reduced, and this more than compensates for the
high staﬁdard deviation.

~If the shape of the specétgm is also of importance -
a combromise'should be reachéd between the number of
iﬁtegrations to reduce the standard deviation and the
length of samples required still to give a high frequency

- resolution.,
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Chapter 5

A Search for Continuous Gravitational Hadiation

The object of this experiment was to search for con-
tinuous gravitational radiation in a frequency region
centred on 1 kHz,. Possible forms of continuous radiation
include both repetitive waveforms of unknown frequency and
continuous random signalse. Monochromati§ signals in this
frequency range might be expected‘from a rapidly rotating
neutron star and broadband radiation could be produced bf
mass accretion into a black hole. However this has been
discussed in a previous-chapter¢ The theoretical predic-
tions, of both strength and the lifetimes of monochromatic
sources in this frequency range, indicate that it is un-
likely that an effect should be observed at the sensitivity
of this experiment. However,as this is a se;rch at a
highér sensitivity, (cbmpared with other experiments) , it
is well worth looking for any effect;

As the nature of the gravitational radiatién signals
_weré not known, cross correlation bétween two detector out-
puts seemed the best method of de?ection. Other methods
such as cyclic averaging and cross correlation with a
standard waveform were ruled out as neither the form nor
the frequéncy of the radiation was known. The experiment
was performed in real time and this only.allowed time for
the cross correlation to be computed and not extended to 2
cross spectrum analysis technique.,

The Detector Arrangemen% |

. /
The detection system used for this experiment was essen- -



tially the one already in use at Glasgow, searching for
pulses of gravitational radiation. Basically one of these
detectors consists of two aluminium cylinders linked by
piezoelectric transducers to monitor changes in the sep-
aration of the two masses. As discussed previously,
gravitational radiation impinging on this system would
cause a change in the separation. Considering the respoﬁse
of the detection system to external forces one finds that
the detector is highly resonant in nature. A technique of
. extracting the applied driving force from the resonaﬁt sig-
nal has to be devised and it is discussed later.

Two detectors were operational and they were spaced
SOm.aparf with their axes Hdrth-South. 1Yhe parameters of
the detectors are presented in Eigﬁre 5.0 The signal
from each detector then passes to a low noise field efféct
transistor amplifier and then through filters Fl, F2 and
F3. ( Figure'S.l.) Filter Fl is a bandpass~filfer set
at a bandwidth of 160 Hz centred on 985 Hz. The bandwidth
was calculated to be optimum for the detection of white noise
signalé. Filter F2 is an analogue computer which solves
the equatioﬁ relating the motion of an idealised detector
to the applied driving forc:?) ( Figure 5.2.) The filter
therefore ‘*inverts*® the resonant frequency response of the
detector to give a fairly flat response over %he system
bandwidth of 160 Hz. ( Figure 5.3;). The signals from
| Filter F2 therefore represent theAeffective force signals
that have been applied to the detector.

Filter F3 is a bandpass filte; primarily to use the

response of phase as a function of frequency to produce a
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small time delay. This filter was then adjusted to ensﬁre
that‘signals.common to both detectors would not have a phase
difference at the output. fthe filfer-élso proved useful
in attenuating any mains hum introduced in the electronics
as the correlation technique was verj sensitive and only a
. émall amount of hum was required to produce an effect.

These.signals then pass into the interface previously
discussed iﬂ Chapter‘4,'and the one bit eross correlation
is performed on the two signals. During the runs the
‘polarity‘of one of the signals was periodically reversed
at the preamplifier. This experimental technique causes
| any'effect due to corfelation between the_signals before
the preamplifiers to change polarity. Any correlation in-
troduced after the preamplifiers would produce an effect .
which did not‘changelsign'on:?eversal of the signal.pol-
arity. The individual runs were subsequently combined
taking inﬁo account.thé polarity reversals to produce a
final experimental run. |

Tﬁé cross corrélation and its implementation have al-
'ready>Been discussed in the previous chapter. The pro-
gramme used was SFC 6 ( Figure 4.1 ) and this performed
a one bit cross cdrrélétion on the filfereﬁ signals from
the two detectors.. The maximum possible sampling rate
was limited by the length of programme to 2 kHz, and with
this 17 delay points eachv0.§ ms épart were obtained.  Due
to the fadt that a sampling rate of 2 kHz was barely high
enough to satisfy the Nygpist criterion (that the sampling
rate is'greater than 2x the highe;? fréquency present),

some runs were recorded on an analogue tape recorder and



~

slowed down by a factor of 4 before analysis by the computer.

Calibration of the Experiment

The experiment was calibrated both for monochromatic
and white noise force signals applied to the detector.

The method of producing a force was to apply voltage
signéls to capacitive end plates situated a small distance
from each end of the detector. ( Fig. 5}4.5: Assuming an
ideal case, the force produced on}fhé end of the detectof

by'thié system iss-
F o= E A v?
2 a*

and in the‘cése of v = V+ dv

where v large b.C. voltage

dv |
P(Y) =CAVAV (8) - 7 -

signal

L3

a

Fypical values are A = 1.7 x 10 m*and d = 2.3 x 1631n

" ¥he end plates were therefore furnished with a v.C. voltage

of 300 volts and added to this was a variable A.C. signal.
It may be of interest to note that a typisal force used for

8 N, (calculated

calibration is of the order of 3 x 10~
from the 4 mv signal used in the sinusoidal calibration).

The Calibration for Sinusoidal Signals

Fhe principle of the calibration of sinusoidal signals

was to establish a relationship beiween the size of the

effect measured, by the cross correlation technique; and

the incident monochromatic gravitafional wave flux.
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This was achieved in the following way:-

1) A sinusoidal force was applied to the detector at
geveral frequencies, by use of the capacitive end plates,
and a relationship between the xS voltage and the size of
the effect was found (after cross correlatlon).

2) The amount of energy deposited into the detector as a
fﬁnctlon of sinusoidal voltage applied, at the detector
resonant frequency, was measured. |

3) 4he amount of energy that would be deposited by a
sinusoidal force on resonance was calculated and this force

was related to the Riemann curvature tensor and hence to

| gravitational wave flux.

Using the information of steps 2 and 3 a relationship
was found between voltage applied to the end plates and
the gravitational wave flux. Combining this with the
result of step 1 the final relationship is established.

The Theoretical Relationship between Gravitational Wave

Flux at the Resonant Frequency and the Energy Deposited:-

, An.Actual Detector

( 7‘@"’_)_

~Considering the ideal case

~

Lp
l\

——
Consider a half system \\\\\\C:yATc Stationary

- x

2z

<— :
2

<~ F = mcC L_’Q!o\o

= 2 :

<—————> z

L;‘i‘
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The equation of motion is

A*x o+ we dx o+ W'x = P (t) -(5.1)
at* Q. dt n
Assuming F = F, sin wt

and solvingvthe equation yields

x (t) = P, sin wt
T 1, e MW
Je - mory & o GG
at resonance x = " F, Q. '
m W,
and in terms of H where R,.= R,sin wt
X = LpQ.Cc R, | -(5.2)
Wi
The average energy of the harmonic_ system under consideration
is € = % muxl, |
and substituting for x from ‘Equation 5.2
£ = mwl; Quc* R L a(5.3)

4wt

The continuous aluminium cylinder has been analysed by

. 57 §8) .
Piezella and Kafka among others and the result is:-

g; 4 ML et RAQE Q M )
wul W“' =

However M = 2 m - A
21 to apply to the above case
= 2 L,

€= 4x2x4xmL:c“RtQ:
. z'q LJM’L .

pra

E= 32 n L' e*R, Qn
L& Wa*




——’>/E= c?
2 MG Wa

R

n Lictr.Qy

3,04 W'

—(5-3R)

2 Tt ¢
ef. + m Iec'R,Qn
Wk

for the two masses

The actual system used lies between the idealised "dumb-

bell" and the cylinder.

As the numerical factor between

the two extremes is small, the ideal dumb-bell will be

adopted, as the model.

—

I“AS = Eluktei
m L. c*Qn
p = 03 <h: + I;;;>
167G

Now assuming unpolarised radiatien

oL

'T"/ = cs hﬁ»s
8TG

To relate ® to Ries

o0

as T h = c¢'R
and as Rpw = R, sinwt
h = 2 ¢* R,
w
2 .
Beo = _4 % Reus
Lo?.
}:‘ = cvﬁius
2MG W™
2 WS €

m L;Q_; -

‘(5040)

_(Ref. Eqn. 1.70)
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The equation relating energy deposited into the
detector with equivalent unpolarised gravitational wave flux

incident normally to the detector is

= = e £’  ~(5.5.)

G m LEQr

The Relationship between the Calibration Voltage Applied

and the Energy veposited. With no excitation'signal the

on line computer was used to measure the mean square value

of the signals from the detectors after ¥l and before r2.

~ ( See Fig. 5.1.). This signal corresponds to the thermal

motion of the detector, caused by the detector not being
at absolute zero temperature. As only one normal mode of
the detector is included in the bandpass filter Fl (see
Fig. 5.3.), the signal corresponds to an averagé energy
of kT in the detector. The number obtained from the com-
putér for the mean square value of this signal therefore
corresponds to an energy of k%,

With a D.C. voltage of 300 volts applied to the capac-

~itive end plates an A.C. signal of known RMS value was add-

ed to this. ( Figure 5.4.). An oscillator was then tuned
to the detector resonance and a few seconds were allowed

for the detector to reach equilibrium. The mean équare
value of the signal from #l waé again mqasuréd by the on
liné computer. The RMS value of the A.C. sinusoidal signal
was then changed and the detector allowed to come to equi-
librium before measﬁrihg the new mean square value. ‘these
values were then compared tb that of the k% energy. It

should be noted that the A.C. signal was attenuated (by a



A

factor of .25 in voltage) before being applied to detector
2., 1he reason for this was to allow for differences in
the calibration apparatus bétween the two detectors. It
was adjusted to present to bofh detectors an equal effective
gravitational wave flux. The relationship between RMS
voltage, applied on resonance, and energy deposited is

presented in PFigure 5.5

The Relationship between Calibration Voltage and Effective

Gravitational Wave fluxe. The calculation is done for a

4 mV signal as this amplitude was used in the next section;
From Fig. 5.5, it was concluded that a 4 mV signal, on
resonance, deposited 11 kT into detector 1 and 19 kT into
detector 2. Using Equation 5.5 this corresponds to an
unpolarised gravitational radiation flux, in a normal di-
fection, of 3.2¢10° W.m " incident on detector 1 and
2.3x10 W.m™ onto detector 2., The reason why tﬁese fluxes
are not equal is that fhe attenuation of the calibrating
signal to detector 2 was adjusted correctly for white noise-
(described later) and was.not altered. However it is ass-
umed for measurements of the sensitivity of the cross
correlation experiment that a 4 mV RMS sinewave corresponds
to a flux of 2.84107 W.m™

The Size of Effect Measured as a Function of Sinusoidal

Gravitational Wave Flux. The computer was then used to
measuré the cross correlation funétion,with 4 mV into the
calibration system, and the result is shown in Figure 5.6A,
for a run lasting 52.5 minutes. The frequency of the

sine wave was chosen to be 910 Hz, '(off the resonant freq-
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uency) which is the lower cut off frequency for the ex-
periment.( Figure 5.3.). The equvalent unpolarised
gravitational wave flux for this effect is 2.8 x 10" W
acting in a normal direction to the detector.

‘the signals from the two detectors were recorded onto
analogue tape with 4 mv fed onto the endplates.v The tape
was then slowed down by a factor of 4 before anélysis by
the computer. The results of this are shown in Figure 5.6B
and the form of the cross correlation fUncfion is as expected,

and is a sine wave of frequency 910 Hz.

"The Calibration for White Noise Signals

The principle of the calibration fpr'ﬁhite noise
gignals was similar to that for sinusoidal signals. The
steps followed in‘estabiishing‘a relationship between the
size of the effect measured and the incident white noise
gravitational wave flux were és followss:-

1) The size of the effect, after cross correlation,
was measured as a function of the'white noise voltage / Jﬁg
applied to the end calibration plates.

2) The amount of energy'deposited into the detector
was evaluated as a function of the noise voltage /Jﬁg .
applied. ' |

3) A theoretical rélationship was established between
the energy increase in a detector and the applied white
noise force /Jﬁ—. This was then extended to a value of
the Riemann curvature tensor and to the gravitational wave
flux. o |

As before using the steps 2'a?d 3 the relationship

between gravitational wave flux and applied voltage is



found, and using this result the desired relationship
is established.

‘Tthe theoretical Helationship between White Noise

Gravitational Wave Flux and the pfnergy Deposited in a

Detector, As in the sine wave case a theoretical relation-
ship between gravitational wave flux and the energy deposit-
ed into the detector had to be derived. this will be

done for the ideal dumb-bell case, as it was previously
shown in the sinusoidal case that the errors introduced

by this approximation are small. The system is as

before

} .
> <%

Zﬂ@’m@é— 73
< - yap >

The equation of motion is as before (Eqn. 5.1.)

— S—

at* Qu dt m

x4+ We X + WX - F (+) —(5.6)

ﬁhere in this case F (t) is a white noise force signal.

The response of the system as a function of frequency is:-

x (w) = F,
Ef(l- (2F) + L=y
. “n —5_2-:(‘0’5
The Potential Energy of the half system is equal to

2
3

-(5.7)

and from equipaftition of energy the total energy of the
half system is:- '

=_‘k (gé(_)j _? g

ms /

for the whole system ~ £ im Wy Xa

3 nw,s x - (5.8)

RmS
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. Q0

E= + FA, dw ~(5.9)
A M(«),: (l_(_g_;‘)z)t+ (-3)),_ :
. Qn" m

o

where F‘; is the mean square value of the force per

unit rad/sec

The integral dw -

A 1A

may be solved in the following way .-

By analogy with the-following electrical circuit

L
2 —— c
Ut l'_kTRJ-'s | o
E = % C<¥'> in the capacitor

and by equipart‘ition of energy

E+.+ = CKv. >
v."!= v?
w 2 2 w (X
Q-5 1 ()
, © ,
E = C4XkIR dw
2 (L-(2)y Y+l _(=2)
0 ) kS "«Jo
» ‘ o +he osé\”d’u
But as E = kT due to the fact that it has two degrees

of.freedom



= [ — dw = _TwWeq  (510)
Jo@- YT e LY 2
Applying this to Eqn.5.9.
g = + Fi T Q,,, where ¥ = m ¢' L, Ruw
= o2 )
é? = m?c*LiR:,s7r Q, where h;w = Mean Square value / rad.s”
| m 4 Wa

Now in terms of &/ Hz

cq’m .]}o R:As Qm

™
n

8 Wn

o]
]

kg D M 8w £ | o (5-”)

et L Q.m

Now for unpolarised radiation the 1lux Fris:-

. 3 L2 ® i 2
) /P" = c hnns » = c RKAS (5‘ lZ)
G 8m ' . 2 @ Wt

where f:= flux per Hz.

F = 4 03 tWm g
A G u)"m L:Qm

(Eil3)

' The kelationship between the Voitage Applied and the

rnergy Deposited. 7The “white noise" signal for the

calibration was generated by a resistor‘connected to the
fnput of a low noise amplifier, and the resulting signal
was then fed through a bandpass filter set at 150 Hz - 10
kHz. This signal was then added to a 300 volt D.C. bias

voltage.( Fige S5e4de)e An A.C. voltmeter was used to

/
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monitor thé‘signal input 1eve1; 'Thé on-line éomputer
was used to measure the mean square value of the signals
from the gravitational wave detectors with no white noise
fed onto the calibration plates, thus determining the
value corresponding to a detector energy of kT. The
point in the circuit where the signals were measuréd was
at the output of filters ¥l of Figure 5.1l. Severél
values of white noise were applied and a relationship est-
ablished between the magnitude of applied signai and the
energy deposited, and the results are shown iﬁ Figure 5.7.
The potentiometer ( Fig. 5.4.) on the deteqtor 2 side was
adjusted to give an energy ratio between the two detectors
of approximately %%;gi*L, indicating an equal effective
gravitational wave flux incident on both detectors.(See
Ban. 5.13.). |

The Relationship between the Magnitude of Applied

Voltage and Gravitational Wave rlux. The flux corresponding

to 14.3 mV RMS will be calculated as this voltage was
used to:measure the effect of cross correlation.

Using the results bf Fig. 5.7.it may be concluded that
14.3 mV of wﬁité noise deposits 0.026 kT into detector 1_'
and 0.041 kT into detector 2. Use of Equation 5.3,
implies that this wvoltage is equvalent td a gravitational
wave flux of 7.2 x 10* w m™ Hz? (fhis is a mean value
as the actual values were 6.8 x 10% § wm™ Hz™' incident on
detector 1 and 7.5 x 10* W m™ Hz" on detector 2).

The Size of Effect Measured.as a kunction of Gravitati

Wave I'lux, The computer was used to crossvcorrelate the

| ® f, and £, are the resoneant freguencies of detectors 1 and

( o

2 respectively.
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output from the detectors with 14.3 mV of white noise

fed onto the endplates, and the result (for a 52.5 minute
run) is shown in Figure 5.8, fthis is the_magnitﬁde of
effect expected from a white noise gravitational flux

of 7.2 x 10* W mw?® Hz'incident on the detectors.

The detector signals were also recorded on an
analogue tape recorder and slowed down by a factor of 4
on playback. Analysis of this signal gave further in-
formation on the shape of the cross correlation function.
The shape of the curve is very characteristic, being that
of a decaying sinusoid where the decay timg is related to
the bandwidth of 170 Hz.

An Evaluation of the Standard Deviation of the Ex-

periment.

In order to decide Whethgr the "one bit" cross
correlation function indicates the pfesence of a common
signal to both.chanhéls, the standard deviation of such
a technique has to be determined.

The operation of the cross correlation programme has

“already been discussed in the preﬁious chapter.  The

value at any one delay is an addition of +1's.or ~1l's
- depending on whether the two binary signals, separated by
this delay, are similar or different. For uhcorrelated
signals, (both with a mean of zero), it is reasonable to
assume that the probabilities of a +1 or -1 are equal.

This assumption therefore leads to the conclusion that

the value of a delay point in the cross correlation function
will have a probability density fugction closely related

to that of a binomial distribution.
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The binomial distribution may be defined by con-
sidering the following experiment E. Let A be some
event associated with E and suppose the probability of
the occurrence of A = p. Assuming n independant trials;
and defining X as the number of times A has occurred, the

probability that X = k is
p(X=k)=(;)p(l~p) k=0,1-n

| and this is known as the binomial distribution.
if X has a binomial distribution with parameters n
and p'then for large nxp (i.e. n«p>25) X will approx-
iﬁate to a normal distéibﬁtibn, with mean = np
and o = ¢[n p (1 - p)

This treatment has so far applied to the random

variable X, the number of events, which is a O or 1
situation. To apply it to the -1 or +1 situation of the
cross correlation a new randbm variable has to be defined.,

Y = 2(X - n p) and this will have a Normal distribution

of mean = O and standard deviation = 2/m p (1 - p).
-Therefore applying this analysis to the cross correlation
case where p = 2, the mean of a channel = 0 and thé
standard deviation is Jne Both signals are simultaneously
sampled n times. . HOWever; as'the time between sampleé

is less than the autocorreiation time of fhe individual
signals (due to the bandwidth), each sample will be cor-
related with the previous one. This means that the gss-
umption of ind;peﬁdence; usgd ih applying the situation

to that of a binomial distribution,'was not.Qalid aﬁd the

standard deviation will exceed [T Ey a numerical factor.



The standard deviation of the data was therefore measured
experimentally.

The cross correlation was performed on the same
signal seventy times (the number integrations set at~d°‘)
- and the values from tﬁo uncorrelated delay points re-
corded each time. The léngth of the run was chosen short
énough to ensure no bias could be introduced by a possible
correlation. The standard deviatiqn and mean of the two
data sets were evaluated and it was foundkthat
| o = \fﬁﬂ . (1.4 £ ,1) for both data sets.
This is the value of the standard deviation for the direct
runs; however,if the data are recorded and slowed down
before anaiysis the standard deviation changes. Slowing
down the data, by a factor m, may be considered as |
sampling the signal faster. If this is done the standard
deviation will change to l.4 Jn.m where n still remains the
number of samples taken and m the factor by which the
data have been slowed down.

Thé Experimental Runs and Evaluation of the Sensitivity

. of the Experiment

A one bit cross correlation was performed on the _
detector signals for 90 hburs, from the 6th - 10th September
1974 aﬁd the result is shown in Figure 5.9. ihe
‘polarity of the preamplifier was reversed during the run “
and‘the curve shown takes account of this.

A continuous run of 24 hours between 6th - 7th August
1974 was recorded onto an analogue tapé recorder. The

tape was then slowed down by a factor of 4 for analysis

. / '
by the computer, the results are shown in Figure 5.10.
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the polarity of the preamplifier was also reversed during
this run.

The reason why the curves for the experimentél,run
have a decaying 'sinusoidal; shape is due to the autocorr-
elation of the data points. It was noted that the
pattern was not persistent from one part of the run to
the next. The lines on the graph indicate the standard
deviation level and it is noted that no number exceeds a
level of 3o . It is therefore concluded that there were
no signals common tb both detéctors, at this level of
significance.

Using the calibration figures obtainéd)an upper limit
may be set for the flux of grévitational radiation incident

on the detector.

The Upper Limit for Sinusoidal Signals.

_ From the calibration runs a flux of 2.8 x 10 W ﬁfz,
incident on the detector produced an effect 7.4 times
the standard deviation. The run consisted of the inte-
gration of 6.3 « 10‘ samples.

As the ratio of effect to standard deviation of the
eross correlation is proportional to /n the sensitivity
at a 3o level in a 90 hour run is 1.1 x 10° W m™ for
sinusoidal signals.

The values for flux have assumed the radiation to
be incident normally to the axis of the‘detector. The
sensitivity of the experiment however reduces if the
radiation is incident off the normal direétion. the
equivalént isotropic fiﬁx is not calculated, as an iso-

/

tropic monochromatic source is unlikely.
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The Upper Limit for Noise Signals

The calibration runs indicated that a flux of
7.2 x 10* W m™ Hz"' incident on the detector produced an
effect 6 times the standard deviation. ¥ollowing the"
arguments of the sensitivity depending on Jm' as used pre-
viously, the flﬁx of wideband radiation that should have
produced a 30 effect for the 90 hour run was 3.6 x 10® w n™Hz,
This radiation is also assumed normal to the detector
axis. An isotropic flux of 6.8 x lO3 W m™ Hz would also
produce a 30‘efféct in the 90 hour run, this is calculated
from the angular dependence of the detector cross section,

A Comment on the Pulses Reported by Weber

As stated previously this experiment implies that
the events reported_by weber were not due to a large flux
of small gravitational radiat;on pulses, and although this
was not the object of the experiméht, this result has
proved extremely useful. The sensitivity of the ex-
periment was such that a flux consisting of 5000 or more
pulses per day depositing an aggregate energy of about 500
'times the mean thermal energy per mode in one of the
detectors, would have been obsefﬁed at a three standard
deviation level, From an analysis of Webers sensitivity
if the coincidences were due to small pulses of .2 KT of
less the rate of occurrence would have to be greater than
the 1limit set by the above experiment. This type of

signal had not previously been excluded.



Chapter 6

anglusion'

Summary: In the introduction it was stated that the
sensitivity of gravitational radiation detectors had to be
increased in ofder to attain a reaéonable réte of detection.
»Various ways of improving fhié sensitivity have been considered
in this thesis and one of the first fields investigated
was the low noise amplification of signals from gravitational
wave detectors. Experiments have shown that in a frequency
vregion around 1 kHz the noise reduction produced by the
cooling of F.E.,T.s was é significant but notllérge factor,
and therefore another method of low noise émplification was
investigated. Measurements were made on the noise
rerformance of a SQUID and the major noisé component was
identified. The basis for initiating the work on the
SQUID was that as it was a supéfcondﬁcting device, and hence
maintdined at a low temperature, the thermal noise of”the
device would be small, and indeed this was found to be the

_ case. However, the majority of the noise was found to be
produced in the xF Biasing and sensing circuit and the
amount of backward fluctuation from the circﬁit had to be
calculated. fhis problem was considered, by J. Hough
and the author, and the amount of flux available for back
-—reaction was estimated. While“the thesis was being written
similar conclusions have been drawn by nudenkgognd Giffafdfo

As well as an investigation into possible improvements

that may be made in detedtor sensitivity a search was

performed for continuous gravitational radiation in the



frequency region around 1 kHz. ﬁO'effect was found,
however the experiment provéd worthwhile in providing a
more senéitive limit for radiation of this nature. this
work led onto a more genéfal consideration of various |
téchniques concerned with the extraction of continuous
>signals from the noise of gravitational wavé détectors.

.It is envisaged that these programmes aﬁd similar ones
will be of great use when the new generation df detectors
come into operation. . ihe Fourier analySié'programme
developed for éxperiments concerned with the detection of
gravitational radiation were used on an unrelated‘experiment
on the detection of celestial x-rays by é‘ground based
technique(Appendix A).

Euture‘work; Using the measurements on various low
noise amplification systems the sensitivity of various
detection schemes was calculated. ¢f all the possible
experiments considered by the groupvat ulasgow, two systems
7weré fouﬁd tb bé_most sensitive; Firstly a detector
consisting of a maser amﬁlifier coupled to a cooled
-aluminium bar_( 1°K) was possible,as the backward fluc-
tuation was thought to be small enough to make cooling
worthwhile. secondly a system using a laser to monitor
the separation of the masses was found to be as sensitive.
This type of syétem is similar in principle to the |
detector of Forwarg? and the proposed systems of Weis§1and
of Billingget al.

1t was thought that the laser teéhnique posed fewer .
‘technical difficulties; éhd an extension of this type of

‘detector is now under construction here at Glasgow. This



detector should be sensitive to the low frequency pulses
predictéd from very heavy black holes. Other systems
under construction include low temperafure experiments by
Fairbank et af?, Hamilton et a{t'and the group at Homgt—6$>
Fairbank et al intend to use a SQUID coupled io an
aluminium bar by means of a resonant diaphragm. They
propose to us; a much higher bias frequency'for the SQUIﬁ
compared with the 20 MHQ considered in the thesis, and it
is thought that the SQUID will have a much lower noise
hence making it worthwhile to cool the defectbr to a few
mK., Hamilton et al. intend to use a parametric device
similar to the one described in Capter 3. Due fo the
limiting effect of‘the backward fluctuation he only intends
to cool the detector down to a few-degrees Kelvin. The
sensitivity of theée detectors is now reaching a value where
detection of gravitational radiation from the Virgo clustef
seemé a possibility in the nbfwéoo distant future. The‘
- time when these experiments will come into operation is not
known exactly;'however within one year it is expected that
-intermediate experiments will be underway.
A suitable sentiment of what may lie ahead has been
expréssed by Thorngg
"I look forward with particular excitement to the
time, perhaps eight years hence, when detectors will
~ "study bursts of waves from supernovae in the Virgo cluster
of galaxies (about three supernovae per yeari). | Such
bursts will be a direct probe of the guts of stellar collapse,
as well as a powerful tool for distinguishing between

competing theories of gravitation.ﬁ



Appendix 1

An iInvestigation into the Possibility of Detecting Periodice

Celestial X-rays by a Ground Based ‘echnigue

Introduction

The Fourier transform programmes developed in
connection with experiments on the detection of gravitatiénal
radiation have previously been discussed. the experiment
described in this appendix although not related to the
detection of gravitational radiatioﬁ.has proved useful in
its own right and in providing a good test of the Fourier
transform programmes. _‘

The experiment described is an investigation into
the possibility of detgcting'periodic extra-terrestrial
X-rays of unknown period by a ground based technique.

‘Several groups have been.involved in éxperiments to
detect x-ray transient effécfgtqiincluding the group led
by Drever at Glasgow University. |

The basic idea is to monitor the phase of a distant
"VLF radio signal arriving at the receiver. The mode of
transmission is such that the signal is *reflected' from
the ionosphere before reception.

Xérays impinging on the ionosphere cause the
ionisation density to change and thus the 'reflection'
height of the signal. This in turn causes a change in
distance travelled by the wave and hence a phase change.
The method of measuring the phase change will be discussed
followed by the results_ok a search for periodic fluctua-

/
tions in the phase. the amount of change expected as a



function of X-ray flux will then be discussed.

Experimental Method

The low frequency radio signal chosen for the
experiment was transmitted from‘the Prﬁngins HBG timing
station. This station is situated in Switzerland and
transmits.on 75 kHz with a power ot 20 kW. the form of
the time signal is a short interruption of the carrier
every second with a double interruption.every minute.

‘ Two types of antenna were tesfed, a fixed long wire
( 100m) and-a rotatable multi-turn loop aerial. The loop
was found to be best for reception of the Swiss station.

A variable capacitance was connected in parallel with
the inductive loop and this resonant circuit was tuned to
75 kHz. To avoid damping the circuit a high input
impedance amplifier was connected at this point. Signals
from the output of the amplifier were then again filtered
with an LC resonant circuit, the circuit being connected
to a preamplifier.

A resonant circuit was used to givé selective positive
feedback on the main amplifier to produce a regenerative
type of receiver, the positive feedback being used to
narrow the bandwidth. Indeed by this method bandwidths
of a few tens of hertz were obtained, the only limit being
that with too much feedback the receiver became unstable.

The phaée of the incoming radio sigﬁél was measured
by comparing it with a 75 kHz signal generated from a
5 MHz oven crystal oscillator. The crystal oseillator
was 'locked' in frequency over the long term to the in-

/
coming radio signal.



The 75 kHz reference was fed into one input of a
phase'comparator, ¥ige Asle, the radio signal beihg fed into
the other input. The output voltage of the phase comparator
is a measure of the phase difference between the two
signals, and the output is zero when the phase between
signals is 90° and reaches the extremes at 0° and 180° .

The output voltage as well as being used as the signal to
be analysed was smoothed with a long time constant and fed
as a control'signal to the crystal oscillator to lock the
frequency.

The output of the phase comparator was fed onto the
input of the comoputer A.D.C. As the 31gna1 had to be
" sampled in order to compute the power spectrum by the
digital computer, attention had to be paid to the sampling
theoren as descrlbed in Chapter 4.

The 81gna1 was therefore filtered to an upper cut off
frequency of just less than half of the sampling frequency.

Two methods of processing the data were used, one was
to compute the power spectrum of the signal direct using
the F,F.T. programme previously described. The other
method was to record the output of the phase comparator
in a digital form onto magnetic tape and then analyse the
.data at a later stage.

As mentioned previously the signal from the Swiss
station was that of a constant amplitude carrier interrupted
every second with a double interruption at the minute.

This abrupt change in the carrier caused a transient every
second in the phase comparator output and thie was elim-

inated by the circuit shown in rKig. A.2.
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The principle was to uée the locked crystal oscillator
‘to generate a pulse every second, and a longer one at the
minute. This vbltage was used to gate out the transient
by use of the mercury relays as shown. The mean voltage
up to gating is stored and presented to the input of the
A;D.C. while the signal is gated out, this procedure
avoiding a Qhange in the mean voltage on gating.
e Results of the Experiment

Preliminary experimental runs were performed on the
signal with sampling frequencies of 50 Hz and 500 Hz.
Pronounced peaks were noted at 50 Hz due to mains hum and
at 1 Hz (and harmonics) due to the gating of the signal.
A peak however was noted at 6.27 * .02 Hz (and harmonics)
in the runs with a sampling frequéncy of 50 Hz. The
origin of this peak had to be c¢learly identified before

further search, for other less obvious peaks, could be

- .. done.

In order to check whether the peaks were concerned
with the sampling frequency,a simultaneous run was performed
on two computers with the sampling frequency set in one
case at 50 Hz and in the other at 42.31 Hz. The peaks
‘occurred in both spécfra at the same frequency. | To test
whether the effect was generated within the apparatus an
artificial carrier at 75 kHz was injected.to the .radio
with white phase noise introduced onto it, The apparatus
for producing the artificial carrier with phase signals
present is described in-the-:section on calibration. The
analysis however did not present any peaks at the required

frequency.



In order to determine the frequency of the peaks
with higher resolution and to investigate the frequency
stability of them the following experiment was performed.

Eﬁe signal from the phase detector was filtered to
a frequency band of 4 - 8 Hz, and the signal was fed into
1 input of an analogue muliplier. A sine wave of freq-
uency 5.95 Hz was applied to the other input. 1the product
of the two signals was then passed through a low pass
filter with a cut at 0.4 Hz. The signal was then fed to
the computer and analysed with a sampling rate of 1 Hz.

‘the frequency of the peaks due to the difference frequency
of the effect with 5.95 Hz was measured and the frequency
of the effect was found‘to be 6.2737 *  .0005 Hz.—

By comparing the peaks with tﬁ37§;ghuency of the mains
divided by 8 it was found that, compared with the mains,
the frequency of the effect wés much more stablee.

It was thought that thereffect was due to an
interfering station and the loop aerial was rotated in order
to try to null out the effect, however this was not
“successful. To investigate the hypothesis further the
system was changed to receive other stations including
the éerman timing station Mainflingen transmitting at a
frequency of 77.5 kHz. On analysis of the phase signal
of this station peaks were found separated by 6.27%* -1 Hz,
but displaced from the previous peak by 3.1 i -1 Hz.

This is a result consistent with an interfering signal.
To prove this further the system was tuned to 3 MHz and )
an artificial carrier wés iﬁjected at this frequency. With

the aerial also connected the.peaké.were observed at a



separation of’6,27‘Hz and displaced by 3.0 * .1 Hz.
This result confirmed the conclusion made from the
previous results, and a possible model for the effect is
presenfed in rig. A.3.

_ Knowing that the effect was not of extra-terrestrial
origih a 24 hour continuous recording was performed from
10.00 GMT on 2/3/76 to 12.00 GMT on 3/3/76. The clock
frequency for this run was set at 250'Hz and the signal
was low pass filtered with a cut off frequency of 92 Hz.
The data were analysed, in 3} hour sections, for a peak
occurring above 3 times the standard deviation of the data.
The fact that there were many channels meant that Graph 4.5 .
was used to determine the effective level for a '3 o'
effect. No peaks were found at this level except those
related to the mains frequency, the 1 Hz chopping frequency
and the 6.27 Hz interference..

The Upper Limit Implied

This information may be used therefore to set an
upper limit'fér this experiment T¢ the periodic x-ray
"flux (in the frequency range up to 60 Hz) incident on the
ionosphere.

In order to do this the experiment has to be calibrated.
,FirStly an empirical relationship between the phase change
amplitude and the power spectrum analysis has to be
obtained. Secondly the relationship between x-ray flux
and the phase change expected, in the radio signal, is
derived. . - .

The Relationship between the Phase Change of the Radio

Signal and the Magnitude of Effect Measured. The first




Fig. A3,

| | ‘ Interfering station

with sidebands

6,27 Hz

75 kHz radio signal combining with

({\ the interfering station and
1 ] perhaps producing phase
1 y modulation
6.127 Hz
- ) 77}15 : 03.1 Hz
2 Hez
1 MHz — |
Ral'EN
3 ' 7| |
o : (5.0 Hz
Therefore for the model to work
1) 75 kHz - f = m (6.27 Hz)
2) T77.5kHz - f = n (6.27 Hz) t 3.1
3) 76.92% kHz — £ = 1 (6.27 Hz) ¢ 3.0
Subtracting 1) from 2)
( 77.5 - 75) kHz = k(6.27 Hz) * 3.1

Subtracting 1) from 3)
(76.923 = 75) kBz = 3(6.27 Hz) ¢ 3.0

and with k = 398 and j = 306 these equations eare
true,

9he model therefore seems correct.

THE PROPOSED MODEL 70 EXPLAIN THE 6.27 Hz PEAKS IN THE
POWER SPECTRUM



stage in the calibration was to establish the relation-
ship between amplitude of sinusoidal phase change of the
-radio signal and the Fourier transform oﬁtput signal
power. | | |

The artificial radio signal was phase modulated by the
method shown in kig. A.4. A crystal oscillator, separate
ffom the system, was used to generate a 25 kHz signal and
a‘phase locked loop was locked to the 3rd harmonic of this. -

By introducingra signal voltage to the feedback loop
of the phase Iocked loop a phase signal was introduced to
the 75 kHz carrier signal. The phase change introduced
as a function of the voltage applied to the feedback loop
was determined, and the result is presented in Iig. A.5.
The relatiénship was»independent dfhfrequency up to a
frequency of several hundred hertz. This signél was used
$0 measure the bandwidth of the experiment and if was
found to be 60 Hz. Sinusoidal signals-of variable
amplitude and at frequenciés of 20'Hz and 60 Hz were app-
lied to the feedback of the phase locked loop. The power
-spectrum of the phasé detector output was then determined.
The»power registered by the Fourier transform programme
was then reiated_to the RMS input voltage and then (using
Fig. A.5. ) to the phase chaﬁge of the radio carrier. A
graph of the relatidnship between mean power and incoming
phase change is presented in Fig. A.6.,-f6r both 20 Hz
-and 60 Hz, 60 Hz being the high frequency cut of the ex-
periment. |

As stated previously,'the analysis of the recorded

data did not yield any peaks of extra-terrestrial origin
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above a '30' level. TheVBw level in terms of the pdwer
output was calculated for the experimental runs. The 24
hour run was analysed in se#en sections each 3 hours 27%_‘
minutes long. the standard deviation for each section
being measured both at the region around 20 Hﬁ and at 60 Hz,

For the section from 20.22% GMT to 23.50 GMT the
standard deviation was found to be 1 * .3, at 20 Hz and
o7 * .3 at 60 Hz, and this wés the quietest section. The
other values are presented in Figure A.7. The run from
3.27 GUT to 6.55 GHT was particularly noisy, with a
standard deviation of 13 t 3, at 20 Hz.

The sensitivity of the experiment in terms of the
phase change at the input is célculated for the best section
as the sensitivity for the other runs may be scaled
~accordingly. | |

~Taking into account the diﬁferent programme scaling
factor, on recofding the dat;uand performing the calibration,
the sensitivity of the system to phase change at 20 HZ was
.7 % .2 sBUS level and .9 + .2 asat 60 Hz.

“The Relationship between the ¥X-ray Flux and the Phase

Change kxpected. The effect of celestial x-rays in the

énergy region of 5 - 10 keVin;terms of increasing the
electron production rate has been predicted by O Mongain
and Bairdg”and Baird“Z They predicf that for the
strongest celestial x-ray source SCO X-1 the electron pro-
duction rate peaks at a value of 4'><.10—3 electrons cnf3 s
at a height of 80 km. The electron lifetime at the height
of 80 km predicted by Bairdﬁ)is 100 seconds, and this may

/

be combined with the above production rate to give a mean



Tig. AT7.

Frequency 1 2 3 4 5 6 7
20 Hz 3.7 2.0 2.1 1+ .3 ] 1.3 1323 | 4.4
60 Hz 1.3 .9 1 T3 .7 62 |1

10.00 13.27% 16.55 20.22% 23.50

~ time ﬂlTiY

'THE STANDARD DEVIATION (AT TWO FREQUEKCIES) AS A FUNCTION OF

TIME, FOR A 24 EOUR RUN.

?

00.00 3.27% 6.55

Note: Divide the numbers above by 16 in order that the

standard deviations are in terms of the arbitrary units

of Fig. A.6.

10.22%



-3
electron density due to SCO X-1 of 0.4 electrons cm .

Using the graphé of eiectron density as a function of
height , (in the region of 80 km), a change in reflection
height of .3 km would be expected. Measurements performed
by Eﬁwards et aib)indicate a drop in reflection height of
o5 km at 80 km, and this value is used in the following

calculation.

Consider a periodic x-ray source at a frequency of f.
The time averaged periodic x-ray flux from the source
= F. |
The x-ray pulses willvbé éssumed short compared with

the time between pulses.

e.go ' V a . GE) ’
>AF I H | | H | ‘H
Q_W-H

" The number of electrons produced ( 4AN) by each pulse
is .; ~k, AF % o k, - factor relating -(A.1.)
| production rate to x-ray
flux.
" The time averaged value F may be defined by
F = AF t r
and using Al

“AN = k, F

f “(A.Q.)

The flux from SCO X~1 1s known, and let this be equal
%o Fo o '

As it is a continuous source the number of electrons



produced (N) is given by'the following formula

N = kiF Touny -(R.3)

k, - factor relating
production rate to
x-ray flux

T%w; lifetime of
electrons

assuning k, = k, i.e. x-rayienergy spectrum is the same,
AN = 3 :
-(A-4)
R E £ Tocey

and assuming.a linear relationship Ah - height change
between N and h (over a small : due to source

region) h - height change

Ah = F oo
due to SCO X-1
h Fo, £ TDeuj

= 05' km‘o
Ah = F n
_ —-(ﬁ.S.)

F, £ To.,

where Ah.'- the change in height will have the following

U VN AN AN AN
| |

Assuming the following model for the reflection

form,

s 80 km

/‘\/ :
. \!, : ‘

< Y
-~ 7

n

1500 km




Fig A.8.
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The length of the path = 1

Height of the ionosphere = s

;L_z - st . .QL)l
2 \2
21dl = 8 sds
d1 = 4 s ds
: 1

This path-length change corresponds to a phase change of

dt = d1 ¢ - velocity of -
c ' light

at = 4 s . h

and this leads to an RMS value_of

dat = I 4 s F h —(A-6)
' JET e I ¥o £ Ty,

The Sengitivity of the Bxveriment in ternms of J-ray il

The RIS phase change of the radic signal regquired o

oy

give a one standard deviation effect { in the section

i

<22

from 20.22 to 23%.50 U.T.) was found to be C.7ns at 20 Hz
and 0.9ns at 6C Hz.

L.

The sensitivity of the experiment to tine averazed
periodic X-ray flux is frequency dependent. By usc of
equation A. 6. the experimental sensitivity in terms of
phase change'is related to time averaged {-ray flux.

This equation gives the flux sensitivity in terms of the
continuous flux from 3c¢o Xl, end by using kncwn values
of this flugi the sensitivity in absolute units is found.

Figure A.8 is a graph of the X-ray flux that would cause

an effect corresponding to one siandard deviation vlotted



as a function of the frequeﬂcy cf the periodic flux.
4he frequencies considered fange'from 60 Hz ( the high
freausnecy cut off) to 0.12 Hz, which was detérmined by
the resolution of the Fourier transform.

As an indication the time averaged periodic flux
fron the Crab pulsar (WP 0532) at 60 Hz 15”1.34x ILO—q

-2 -
ersgs cu S.

Conclusion

On analysis of the data né effect was found to exceed
a 30 level of significance, other then the frequencies
identified as interference. This sets an upper limit <o
the periodic X-ray flux over a frequency ranse from C0.1l2 Hz
to 60 Hz. The upper limit ranges from 9x10 " ergs em's”
(60 Hz) to 6« 1077 ergs cm's; and it depends on the frequency

as showvn in pig. A.8.

= . e Eal _%_‘“ B b
v

e predicted effect of the Crabl pulser Ls found 1o
be nuch smaller than the sensitivity of the exreriment;
however, it should be stated that the calculﬁtions are
aprroxinate due to uncertainties in the ionosvheric
paraneters.

This was a general search for unknéﬁn frequenciés. If
the object of the experiment had been solely to detect a
pulsar of known frequency, such as the Crab, a cyclic averaging
technidue would have been preferable. However, even with
continuous cyclic averaging over 1 week the flux sensitivity
would have to be improved by abouf 2,000 in order to detect
the Crab. |

Although this type of experiment is not as sensitive as



satellite and rocket borne experiments it is much more convenient
and far less expensive. It can also provide a relatively

simpie technique to search for X-ray pulses. However a
difficulty encountered with this technique was that of the

identification of periodic signals from terrestrial sources.
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