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Synopsis

The investigations discussed in this thesis are concerned with 

a p -spectrometer. The work may be divided into four distinct projects

1) Te devize an apparatus to measure the magnetic field in the 

spectrometer t© one part in ten thousand.

2) Te investigate the behaviour of the spectrometer over a 

wide range of fields and the effect of setting the field by different 
methods.

3 ) To measure the P-spectrum of Y-91 and to look for small 

deviations from the predicted shape for a unique first-forbidden 
transition.

4) To measure the internal conversion lines produced in the 

decay of Ce-144 to establish the nature of the more prominent 

transitions and to establish the level scheme of Pr-144 following 

the f^-decay of Ce-144«
The method chsoen to measure the magnetic field in the spectrometer 

was a null method. A frame was built on which two pairs of coils were 

mounted to provide a reference field. Two synchronous motors were 

used to spin two coils, one in the spectrometer field and the other in 

the reference field. The outputs from the coils were fed into a 

sensitive narrow band-width amplifier and the spectrometer field was 

set by adjusting it until the output was a minimum. Because of the 

need to study the behaviour of the spectrometer, I did not assemble 

the final slip-rings and brushes but my successor did so and obtained 

an accuracy of one part in twenty-five thousand*



The resolution of the spectrometer was found to depend on the 

strength of the field and a careful study of the resolution, the 

position of the centroids of /3-lines and the areas of the /?-lines 

w*s made setting the spectrometer both on the initial magnetization 
curve and on a hysteresis cycle» It was found that the output of the 

spinning coil was proportional to the momentum only when the spectro

meter was set on the initial magnetization curve. It was also found 

that if the spectrometer was set on the initial magnetization curve 

the resolution was greater than if the spectrometer was set using a 

hysteresis cycle and that the transmission depended on how the field 

was set»

From the measurements, it was concluded that the field changed 

shape as the strength varied» Some measurements were made to measure 

these changes in field shape and it was found that the field shape 
changed more when the spectrometer was set using a hysteresis cycle 

than when it was set on the initial magnetization curve. The choice 
of method by which to set the field is discussed*

The end point of the Y-91 /3 -spectrum was determined to he 
15/4.7 + 5 Kev. and the spectrum was found to fit the theoretical 
shape of a ubique first-forbidden transition within the limits 
-0.03 < b <0,05, where b is a Fierz type interference term»

In the decay ©f Ce-144, the K-shell conversion lines of ¡¡-rays 
with energies of 80 1 and 133'6 Kev. and the L-shell conversion lines 

of transitions with energies of 33»7» 40.6, 53»2, 59»1» 80.1 and 

133*6 Kev. were measured. The •<«/**■ and / ^ratios indicated



that all the transitions expepting the 59*1 Kev. transition are 

Ml transitions and the 59»1 Kev. transition is a M3 transition.

The intensities of the conversion lines were measured and a decay 

scheme has been proposed in which the ground state has spin (0 ) and 

levels at 59*1 Kev. (3 ), 80.1 Kev. (1 ), 92.8 Kev. (2 ) and 

133*5 kev. (1 )•
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Chapter I

Introduction»

1• Beta- and Gamma-ray Spectra»

It is just over sixty years since Becquerel (l), discovered 

radioactivity. Following the discovery of X-rays by Roentgen, 

several workers had the idea that the origin of these rays may be 

connected with the phosphorescence of the glass of the X-ray tube 

which accompanied their emission. They made investigations to see 

whether other substances, phosphorescent when illuminated by 

ordinary light, also emitted penetrating rays of a nature similar 

to X-rays.

After several experiments of this kind with negative results, 

Becquerel remembered some experiments he had made with a uranium 

salt fifteen years previously. He had shown that it gave a brilliant 

phosphorescence when irradiated by ultra-violet light. When he 

exposed the salt to light, wrapped it in black paper and placed it 

on a plate of silver above a photographic plate, he found that after
•w

a time the photographic plate was affected. Soon he was able to 

show that the blackening of the photographic plate was independent 

of the phosphorescence of the salt. Becquerel then proceeded to 

show that the rays emitted, like X-rays, possessed the property of 

discharging electrified bodies.

Not long after this, Mme. Curie, in an investigation to see if
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radioactivity was a general property of matter, found that thorium 

was also radioactive. In the same year, 1897» she isolated radium 

and polonium and in the following year, actinium.

As a result of studies of the penetrating power of these rays, 

Rutherford showed that they could be divided into two types. These 

he called alpha (•*) -rays and beta (p) -rays. Alpha-rays are easily 

absorbed but produce dense ionization whereas beta-rays are more 

penetrating but do not produce the same density of ionization. When 

radium was found to emit still more penetrating rays, Yillard named 

them gamma (if) -rays. Gamma-rays were soon shown to possess 

properties similar to X-rays.

Both '■¿-rays and/3-rays are really charged particles moving at 

high speeds. Rutherford, in a brilliant series of experiments, showed 

that •‘—rays were helium nuclei travelling at very high speeds. /3-rays 

were shown to be electrons; conclusive evidence coming from their 

charge and charge/mass ratio.

Early measurements on fi-rays were carried out by absorption 

methods and it appeared possible to resolve the emission into 

components each of which was absorbed exponentially. When von Baeyer, 

Hahn and Meitner discovered the existence of homogeneous groups of 

/3-rays using magnetic fields, it seemed obvious that these groups 

were associated with the components in the absorption experiments. 

Using magnetic deflection also, Wilson showed that a homogeneous 

group of /3-rays was not absorbed exponentially. Prom this and the
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absorption experiments, he suggested that the /3-rays must have a 

continuous distribution of energies»

The true explanation was given by Chadwick in 1913» He 

discovered that the spectrum consisted of two parts, a line 

spectrum and a continuous spectrum which contained the greater 

number of electrons. Rutherford then showed that the homogeneous 

groups forming the line spectra were due to the conversion of 'tf-rays 

in the electronic shells of the atom disintegrating. The continuous 

distribution of f i-rays was confirmed by Ellis and Wooster who 

measured the mean energy of the /3-rays by a calorimetric method.

They showed that although no energy was lost, the mean energy v/as 

less than the maximum energy.

No serious attempt was made to measure the energy distribution 

of the [i -rays accurately because the way in which the rays were 

produced was not understood. In 1928, Pauli suggested that a light 

neutral particle might be involved, but it was Fermi, in 1934, who 

put the theory on its present basis. He postulated a light or 

massless particle, the neutrino (Pauli's designation), which had to 

fulfil certain conditions. From these, he was able to deduce the 

shapes of /3-spectra. ’When />-spectra were then measured, experimental 

techniques were not good enough to obtain the correct shapes.

Since then, the theory has been modified and experimental techniques 

have improved so that the theory has been tested with increasing 

accuracy.
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G-amma-rays cannot be observed directly but only through 

observation of some secondary process. The first measurements of 

their wavelengths were made by Rutherford and Andrade who used 

rock-salt to diffract them. Another accurate method, suggested by 

Ellis, is to use the /3-lines produced by internal conversion or by 

the photoelectric expulsion of electrons from a heavy element. An 

electron ejected from the excited atom itself is called an internal 

conversion electron.

The strengths of the various conversion lines arising from the 

different atomic shells or sub-shells can now be predicted with 

some accuracy. In atomic spectroscopy, usually it is only the 

electric dipole transition which is important because other 

transitions have a much longer lifetime. In nuclear spectroscopy 

on the other hand, while nuclear spin changes may forbid an electric 

dipole transition, because the energy of the transition is very 

much greater than in atomic spectroscopy, the nucleus may de-excite 

itself by a higher order multipole transition. The nature of the 

transition may be determined if the relative intensities of the 

conversion lines can be measured accurately. While in some cases 

the agreement with theory is not good, the difference between 

different transitions is usually sufficient to identify the nature 

of the transition being measured.

/3-spectra have been measured in six different ways:-
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1• Calorimetric methods to measure the mean energy.

2. Absorption methods.

3. By using electric fields to focus or retard the rays.

4. By using magnetic fields, either with a cloud chamber or

in a spectrometer which focusses the rays.

5. By using proportional counters.

6. By using scintillation crystals.

Results from cloud chambers require much more analysis than 

results from magnetic spectrometers. Electric fields are not often 

used for focussing because it is difficult to maintain the high 

electric fields necessary. The most common difficulties are those 

of insulation, and the prevention of surface contamination, corona 

discharge and secondary emission from the surfaces of the apparatus. 

Retarding fields may only be used for low energy spectra.

Proportional counters are most useful for studying spectra 

from gaseous sources and, because it is possible to obtain almost 

geometry with them, they are useful when low intensity sources 

have to be measured. Absorption methods are commonly used to 

identify spectra but the method cannot easily be used to determine 

the energy distributions of spectra. Scintillation ciyStals are 

now used extensively in the measurement of /5-spectra. The great 

advantage in their use is the good solid geometry which can be 

obtained. With two. crystals, the geometry may be made nearly frt, 

hence thin sources may be used and source scatter kept to a minimum.
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Gamma-spectra may be measured in three ways, by:~

1. Measuring conversion, photo-electrons or Compton electrons

with a magnetic spectrometer.

2. Diffracting the 2-rays by a crystal lattice.

3« Using a crystal scintillator.

The spectrometers used in the first method are similar to the 

ones used in measuring Æ-ray spectra. The crystal diffraction method, 

whilst being very accurate, requires strong sources of the order of 

100 times those used in the measurement of conversion spectra. 

Scintillation crystals have a high efficiency for the detection 

of 2-rays, up to 15% being possible. Since the 2-rays can only be 

detected by a secondary process, the pulse height is not constant 

for a 2-ray of given energy but depends on whether all the energy 

of the 2-ray is converted into light. Because of this, the energy 

spectrum of a single 2-ray is not simple, hence great care must be 

taken in interpreting any spectrum which is measured.

The two most accurate methods used to measure TS-ray spectra 

cannot be used if the radiation is weak. Then scintillation 

crystals become useful because their resolution is sacrificed in 

favour of their greater sensitivity.

2. The Development of Magnetic Spectrometers.

The first use of magnetic fields to measure the energy 

distribution of /3-rays was by Wilson in 1906. He did not, however, 

use the principle of focussing. More accurate results were obtained
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The Principle of the Direct Deflection Spectrograph.F IG . 1.1

FIG. 1.2 The Principle of Semicircalar Focussing.



"by von Baeyer, Hahn and Meitner using the direct deflection method« 

The principle of this method is shown, in Pig. 1.1. A narrow 

source is placed in a strong magnetic field end the rays pass 

through a narrow slit and then strike a photographic plate.

Because of the magnetic field, rays with different energies will 

describe circular arcs with different radii of curvature. These 

rays will thus strike the photographic plate at different points. 

From the positions of the lines produced, the energies of the 

(3-rays may "be calculated if the field strength is known.

The first spectrograph utilising the principle of semicircular 

focussing was designed by Danysz (2) in 1911 (the difference between 

a spectrograph and a spectrometer is that in a spectrograph the 

/3-rays are detected by photographic means while in a spectrometer 

the rays sue detected by any other means). Pig. 1.2. illustrates 

the principle of semi-circular focussing which is applicable to 

either instrument. The source, S, is placed in a strong homogeneous 

magnetic field, B, and rays emitted into 1 of angles *f are

accepted by the first shutter. The mean ray travels along the arc 

of a circle defined by the equation

B ̂  ** pie

where 0 is the radius of the circle, p is the momentum of the 

/3-ray and e is the electronic charge. The mean ray intersects 

the x-axis at a distance 2& from the slit. The limiting rays 

intersect the x-axis at a distance of 2«(1 - cos <f>j* If the source



has a width, s, and if the axial angle of emission is ±̂ , then 

the width of the image is

s  + w  j )  Z i ' *** 'f ) = s + ^ + ■f*')
if <t> and f  are small. The "base resolution R, is:**

r 0 - +  r  * (1 .1 )

where w is the width of the image detector.

A spectrometer has three important char- cteristics, they are 

the resolution, the transmission and the luminosity. These 

characteristics serve as useful criteria with which to judge the 

respective merits of different spectrometers. The resolution is 

the ability to resolve two rays with nearly equal energies. The 

transmission is a measure of the collecting power of the instrument 

and is defined as the fraction of a sphere into which thè rays are 

emitted. The luminosity is the product of the s ource area and the 

transmission. The luminosity is important because, for è. given 

activity, the source thickness is inversely proportional to the 

source area if the transmission is held constant. For an isotope 

with low specific activity, the thinner the source, the less will 

be the effect of line-broadening due to source thickness.

The transmission may be written:-

T  - ^  (1.2)
The luminosity is:- L = s.h. — (1 .3)

b-1'
where h is the height of the source.

The conditions for high resolution differ from those for high 

transmission so that one has to be sacrificed at the expense of the

- 8 -



other.

A fourth criterion sometimes used with a spectrometer is 

the dispersion, which expresses the rate of change of the image 

position with change in momentum. In the case of the semi-circular
l-K*.

spectrometer,jdispersion is:- 

c -
*!&<>) IBO (i .4)

Whilst high resolution may be obtained with a semi-circular 

spectrometer, the main disadvantage of the instrument is that it 

has a low transmission because there is no focussing in [the axial 

direction. This low transmission is partly offset in a spectrograph 

by its ability to focus a range of energies.

Experimentally, during the 1930's, use was made of cloud 

chambers which were placed in magnetic fields. Although the cloud 

chamber has proved an extremely useful tool in the realm of high 

energy nuclear physics and in the discovery of the neutron and 

positron, with [3-spectra the need to record and analyse thousands 

of tracks to obtain good statistical accuracy make the method tedious.

In the early 194-O's, two spectrometers were designed which used 

the principle of focussing of the rays by an axial magnetic field. 

This idea had been tried, unsuccessfully, by Kapitsa and by Tricker 

in 1922. Busch, in 1926, showed that an axial magnetic field behaved 

like a lens in that it could focus electrons. He derived a formula 

for the focal length, f, of such a field,

- 9 -



(a) The "Solenoidal" Spectrometer.

(b) The "Short Lens" Spectrometer.

F IG . 1 .3 The Focussing Principles of two Lens Spectrometers.



i (1.5)■ L '* 01 J1
where Byis the field along the z-axis and B ̂ is the momentum of 

the electron. For a uniform field, B., such as that produced by 

a long straight solenoid, the distance between the source and image 

is:-
= ZlT Q?

B. (1.6)

In 1941, Witcher (3), designed a spectrometer using a solenoid, 

a "solenoid" spectrometer. He also used ring focussing to improve 

the resolution. In the same year, Deutsch (4), designed a "short 

lens" spectrometer in which the fi-rays were focussed by a short 

coil. The designs of these two spectrometers are shown in Fig. 1.3» 

The traces along and perpendicular to the axis are shown in each 

case. Both these spectrometers have a higher transmission than the 

semi-circular spectrometer but their resolutions are much poorer. 

Again, the luminosity is low for high resolution because the source 

has to be circular and the area is thus proportional to the square 

of the radius whereas the resolution is inversely proportional to 

the radius.

Good resolution is not necessary in the measurement of 

P-spectra where the number of rays does not vary rapidly with 

energy. High intensities are more important to ensure good 

statistical accuracy, especially at the low and high energy ends of 

the spectrum where the number of rays is small. Lens spectrometers

•»■*0
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have "been used extensively since 1 94-1 * The use of ring focussing in 

the solenoid spectrometer improves the resolution, hut the optimum 

resolution achieved depends on the angle of emission of the rays, 

the angular aperture, the source dimensions and the width of the ring 

focus. The theory cf the solenoid spectrometer has been given by 

Diamond (5), and Persico (6). In the solenoid spectrometer in this 

laboratory, both ring focussing and axial focussing immediately in 

front of the detector, are used.

The performance of a lens spectrometer can be improved greatly 

by allowing the rays to form an image between two short ceils, the

final image being formed beyond the second coil. This type is known 

an "intermediate image" spectrometer, and has a v „ h ' ' her 

resolution for a given transmission than the short lens spectrometer.

Improv ments .to the serai-circular spectrometer were made bj 

Langer and ^ook (S), and b  Beiduk a id K pinski (9). They shi 

the field to alter its shape slightly, thus reducing the third order

;ions. In the same year, 194-, Siegbahn and v 1 ^

published a paper on the use of non-hemogeneous magnetic fiel 

fi-1 jys . T5 1; l the bebavx „ ft

arlj symmetrical, non-homogeneous, magnetic field deternli ing 

what conditions the rays would be focussed. The result lw; s,

x a, p v. ’’ .

both radially an"1 axially at the same point. This j 0j ty g 

spectrometer its name, a doutl< focussi g spectr< net . The 

field required and its production are liscussed in Chaptea T‘r

0

. OX’

circuì-

under

lor

ussed

ave the 

shape of

Tv,
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order to verify their conclusions, Siegbahn and Scartholm built a small

model which gave very promising results. From these results, they 

decided to construct a large spectrometer with a mean radius of 

50 cms. (11).

Because it has both radial and axial focussing, the transmission 

is greater than that of a semi-circular spectrometer Tilth the same 

resolution. It would be possible to construct a semi-circular 

spectrometer with a large axial aperture to increase the transmission 

but then, the resolution would be decreased.

The resolution of a double focussing spectrometer is dependent 

on the parameters which describe the field shape,

and axial angles of emission, the radius of curvature, etc., as 

before.

The transmission and luminosity are still defined as before.

It will be seen that if and have the same values as; in a 

semi-circular spectrometer the resolution will be almost half that 

of the latter. Alternatively, larger source dimensions may be used 

for the same resolution so that the luminosity is higher. The 

dispersion is also greater by a factor two, being:-

s + w 
9 12 0 .7)

»<2 is a variable parameter and may be chosen to reduce either the 

radial or axial aberrations. <j> , ^  , q , etc., stand for the radial

4 e. 
l£> <̂) (1.8)
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With such large instruments as the one mentioned on page 12, 

the source area may be quite large. The spectrometer discussed in 

this thesis is a double focussing spectrometer with a mean radius of 

40 cms. and in it, source areas of 1 sq. cm. were often used with a 

resolution of 1fo. The production and measurement of the field in a 

double focussing spectrometer are discussed in Chapter II. The 

auxiliary apparatus and techniques are described in Chapter III. 

Chapter TV describes the effect of the use of iron in the construction 

of the magnet and Chapter V gives some results obtained with this 

spectrometer.
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Chapter II.

The Magnetic Field*

1• Design of the Spectrometer.

The field in the spectrometer may he produced by one of two 

methods. Either a permanent field, which is usually the remanent 

field of the spectrometer, or a variable field, produced by a current 

flowing through a number of coils with or without the assistance of 

iron, may be used. If the field of a permanent magnet is used, the 

spectrometer must be able to accept a range of momenta. A semi

circular spectrograph is the instrument to which this method is best 

suited.

The range of momenta which can be accepted is limited by the 

design of the spectrograph and cannot be made to cover the entire 

range of momenta emitted from a high energy ̂ -transition. Mladjenovic 

(12), has recently built a semi-circular spectrograph in which the 

range of momenta accepted may be changed by remagnetizing the magnet. 

SlStis (13)j used three semi-circular spectrographs to cover the 

same range of energies, namely 1 Kev. to 3 Mev*. For accurate work, 

it is desirable to keep the temperature constant so that the strength 

of the field does not alter. A regular measurement of the field 

strength in necessary to check its constancy.

Most spectrometers in use today have a variable field, produced 

by passing a current through one or more coils. These are either used
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by themselves or with iron. A field produced solely by a number of 

coils is directly proportional to the currents flowing in those 

coils provided that the relative magnitudes of the currents in the 

coils is constant. It is then possible to calculate the field 

strength if the current is measirred accurately. The passage of current 

through the coils will cause them to expand due to the heat generated. 

For accurate measurements, allowance must be made for the effect of 

this expansion on the magnitude of the field. Stray magnetic fields 

are undesirable and must be kept to a minimum. Since there is always 

a residual magnetic field, due to the earth's magnetism, it must 

either be compensated or allowed for in one's calculations.

A field produced by iron is not proportional to the exciting 

current and must be measured. The effect of the iron is such that 

it gives the field greater stability, both against stray fields and, 

because of the increased thermal capacity, against temperature changes. 

The stray field produced by the magnet is less extensive than that 

produced when no iron is used so that nearby equipment containing 

valves, photomultipliers, etc., is less likely to be upset.

The absence of a proportional relationship between the field 

and the current is not as inconvenient as the dependence of the field 

upon the previous history of the iron. In some of the most recent 

designs of spectrometers, for example, the double focussing spectro

meter and the intermediate image spectrometer, non-homogeneous fields 

are required and, because of this dependence on the previous history

- 15 -
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F IG . 2.1 Two Designs for a Double Focussing Spectrometer.



of the iron, there is a tendency for the shape of the field to alter 

at low field strengths.

The spectrometer in use in this laboratory is a double focussing 

spectrometer employing iron in its construction. The exciting coils 

are outside the poles and the vacuum chamber as shown in Fig. 2.1(a).

An alternative design, shown in Fig. 2.1(b), has been used in the 

construction of a similar spectrometer at Uppsala (11). The advantages 

of design (a) are:-

1) There is no limitation on the space available for the coils.

2) There is no limitation on the thickness of the iron yoke,

thus avoiding problems which may arise due to the 

saturation of the iron.

3) It is easy to make connections to the coils.

4) The fringing fields are easy to handle.

5) The yoke also serves to screen the spectrometer from

stray fields.

As it has turned out, it is possible to gain access to both the 

centre and the periphery of the vacuum chamber. This was found to 

be extremely useful when setting the spectrometer and when making 

adjustments.

The theory of double focussing spectrometers has been developed 

in several papers (10), (14) to (19) and has been summarised in a 

few reviews (2), (20), (21), (22). It is not proposed to give this 

theory again, but only to quote such formulae as required.
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The field at a point (r,z) may be expressed in terms of the 

axial field, Bg, at the mean radius, r^, and the radial and axial 

coordinates, r and z. In the median plane, (z -- 0), the field, 

Eg, may be written,

eyj - b,<mO-<,( -^ ) *■ < ,(^ 1 ', ]

where cx, and are the fi.rst and second field coefficients which 

determine the shape of the field. In the radial direction, the 

field, B , is given by the equation

Br (2)  ̂ 2 + Z

For double focussing to occur, the necessary condition is that

The value chosen for «^only affects the second order focussing 

properties of the field ands usually is alloy/ed to have one of the 

values 5 , f-. If one chooses the value «v, = the radial aberration 

is eliminated. For = §» "the axial aberration is eliminated; this 

value also has the advantage that there is no astigmatism hence the 

equations are still valid if one wishes to use another mean radius 

for the spectrometer. The case where <*.£ = 5 may be likened to the 

circle of least confusion in optics, while neither the radial nor 

axial aberration is zero, for equal apertures in both directions, the 

aberrations in this case will be less than in either of the two previous 

cases.
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Elevation.

Plan View.

FIG. 2.2 The Design of the Spectrometer used.



«<, 4nl«t,
The shape of the field is governed by the parameters,and the shape 

correspondin , tow^ = -g, = i niay realised between conical

pieces of iron. Since the machining of these faces is easy and because 

the field shape lies between the shapes for values of * ̂ £, it

had been decided to construct the spectrometer with conical poles 

and to shim the field to produce the shape corresponding to one of 

these values. The unshimmed field was nearly the shape corresponding 

to «2 - 'e'» so it was shimmed to agree with this value (23).

The design is shown in Fig. 2.2. Fig. 2.2(a) shows a sectional 

view of the elevation and Fig. 2.2(b) a plan view. The whole assembly 

rests on the lower plate which is supported by four concrete pillars.

The poles are separated by six brass tubes and may be removed as 

a single unit. The lower pole rests on three steel ball bearings 

on the low'er plate. There is a small gap between the upper pole 

and the top plate, thus, if bowing of the top plate occurs on evacuation 

of the vacuum chamber, the field shape will not be affected.

The vacuum wall is of brass and lies inside the exciting coils.

The return yoke consists of four iron slabs arranged round the magnet 

on alternate sides of an octagon. The chamber is evacuated through 

a pumping line connected to a small cover plate in the centre of the 

lower plate. There are two exciting coils, each consisting of six 

double layers of 32 turns, g" square aluminium conductor containing 

a central hole 5/l6" diameter to allow cooling water to be passed 

when necessary.
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2. The Production of the Magnetic Field.

There are three ways in which the desired field may be set, 

these are:-

1) To use the initial magnetization curve, curve OB in

Fig. 2.3.

a) using a.c. to demagnetize the magnet

b) by reversing the exciting field to such a value that

when it is removed, the magnetization curve will pass 

through the origin, point P in Fig. 2.3*

2) By working on one branch of a well established hysteresis

loop, e.g., Branch I in Fig. 2.3* (i.e. on the curve AB).

3) By establishing a cycle in which the maximum field is

the desired field, see Fig. 2.1+. This is known as the

normal magnetization curve.

To understand the behaviour of the spectrometer, it is necessary 

to consider carefully the relationship between the magnetic induction, 

B, and the magnetizing field, H, at any setting of the field. The 

behaviour will be considered for two cases, 1(a) and 2 above. The 

normal magnetization curve is very similar to the initial magnetiz

ation curve if the field changes slowly, but, since I did not use 

this method, I shall not discuss it.

It is necessary to consider the effects which may arise from:-

1) A change in the permeability of the iron.
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2) The interaction between the exciting field and the induced

field.

3) The possibility that different parts of the iron may

follow different hysteresis cycles.

Consider the initial magnetization curve, OB in Fig. 2.3»

At the origin, the curve has a finite slope which increases as the 

field increases. Eventually, the slope reaches a maximum and 

then decreases. The spectrometer was used between the origin and 

a point well below the maximum slope. Although in Fig. 2.3*, the 

slope of the curve appears to increase rapidly, it is because it 

has been so drawn for emphasis, in practice, the change in slope 

is barely perceptible.

The change in slope, which is due to a change in permeability, 

implies that the change in permeability must also be small. Because 

the initial permeability of the iron is large one would not expect 

these small changes in the permeability to affect, to any great 

extent, the shape of the field. If one considers the interaction 

between the exciting field and the induced field one would expect, 

since the induced field is nearly proportional to the exciting field 

that the interaction between them should be almost constant and thus 

not alter the field shape appreciably.

The same conclusion may be reached if one supposes each part 

of the iron to follow its own hysteresis loop. The reasoning is, 

that although each part of the iron is following its own hysteresis
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c y c l e ,  t h e  in d u c e d  f i e l d  i n  e a c h  w i l l  b e  n e a r l y  p r o p o r t i o n a l  t o  t h e  

c u r r e n t .  A s  t h e  c u r r e n t  i s  i n c r e a s e d ,  t h e  f i e l d  i n  e a c h  p a r t  w i l l  

i n c r e a s e  i n  a lm o s t  t h e  th e  sam e p r o p o r t i o n .  T he com bined, e f f e c t  w i l l  

t h u s  b e  n e a r l y  t h e  same a t  a l l  v a l u e s  o f  th e  f i e l d .

11 ,  fro m  >11 t h r e e  c o n s i d e r a t i o n s ,  i t  w o u ld  r p p e a r  t h a t ,

i f  t h e  f i e l d  i s  s e t  b y  u s in g  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e ,  t h e  

s h a p e  s h o u ld  n o t  a l t e r  a p p r e c i a b l y .

« a b i l i t y ,  u  ,  i s  d e f i n e d  a s  t h e  a t i o  B /H  f o r  

th e  maximum v a l u e  o f  iT on th e  h y s t e r e s i s  c y c l e ,  a t  a n y  o t h e r  p o i n t  

o n  th e  c u r v e ,  o n e  c a n  o n ly  d e f i n e  th e  d i f f e r e n t i a l  p e r m e a b i l i t y ,

,  w h ic h  r e l a t e s  t h e  ch a n g e  i n  th e  i n d u c t i o n .  A h ,  t o  

t h e  change, A H , i n  th e  f i e l d .  B e c a u s e  t h e  d i f f e r e n t i a l  p e r m e a b i l i t y  

i s  c o n s t a n t  a lo n g  t h e  lo w e r  p o r t i o n  o f  B ra n c h  I  o f  th e  h y s t e r e s i s  c u r v e ,  

t h e  f i e  1 : s e t  on t h i s  p a r t  o f  t h e  c u r v e .  I f  o n e  m akes a n

a n a l y s i s  o f  t h e  b e h a v io u r  o f  t h e  f i e l d  u s in g  t h e  d i f f e r e n t i a l  p e r m e a b i l i t y  

o n e  may c o n c lu d e  t h a t  t h e  f i e l d  sh a p e  s h o u ld  n o t  c h a n g e .  H o w e v e r, t h i s  

i s  c o n t r a r y  t o  e x p e r im e n t a l  e v i d e n c e .

The i n t e r a c t i o n  b e tw e e n  t h e  e x c i t i n g  an d  t h e  in d u c e d  f i e l d s  i s  

c e r t a i n l y  d i f f e r e n t  f ro m  t h e  c a s e  f o r  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e .

A c u r r e n t  m u st f l o w  th r o u g h  t h e  c o i l s  t o  n u l l i f y  th e  f i e l d  du e t o  t h e  

re m a n e n c e  o f  t h e  i r o n  p o i n t A o n  P i g .  2 . 3 »  To p ro d u c e  a  g i v e n  f i e l d ,  a  

l a r g e r  c u r r e n t  i s  r e q u i r e d  th a n  i n  t h e  c a s e  w h e re  t h e  i n i t i a l  m a g n et

i z a t i o n  c u r v e  i s  u s e d .  B e c a u s e  o f  t h i s ,  t h e  i n t e r a c t i o n  m u st b e  d i f f e r e n t .  

The h y s t e r e s i s  c u r v e  a p p r o a c h e s  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e  a s  t h e  

f i e l d  i n c r e a s e s  a n d  a t  h ig h  f i e l d s ,  t h e  tw o  c u r v e s  becom e i n d i s t i n g u i 
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Since in the case of the initial magnetization curve, the field shape 

is not expected to alter much, it must be expected that when Branch I 

of a hysteresis cycle is used, the field shape will alter for low 

values of the field.

The same conclusion can also be deduced from the third supposition 

that each part of the iron follows its own hysteresis cycle. One 

may assume either, that each part of the iron is at a similar point on 

its hysteresis cycle or, that each part is at a different point. In the 

former case, the argument used in the preceding paragraph may again 

be applied and one would again conclude that the field shape should 

alter. If one assumes each part of the iron to be at a different 

point on its cycle, one would expect the combined effect to alter as 

the field increases, becoming constant at high fields, when the curve 

approaches the initial magnetization curve.

From this brief discussion, it would appear that it would be 

better to set the field using the initial magnetization curve than to 

use Branch I of a hysteresis cycle.

The circuit diagram for the production of the field is shown 

in Fig. 2.5 and was the same as that used by Barry. The current 

is provided by a bank of low resistance accumulators with a capacity 

of 120 Amp-hours. The maximum number of accumulators required was 

twenty, and these were capable of giving currents up to 30 Amps. In 

order to keep the current constant, the voltage across a 0.1 ohm 

standard resistance was measured with a Tinsley potentiometer 

(model 4363)• The output was fed to a sensitive galvanometer, in
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p a r a l l e l  w i t h  w h ic h  s e v e r a l  r e s i s t a n c e s  w e r e  p la c e d  t o  a l l o w  th e  

s e n s i t i v i t y  t o  b e  c o n t r o l l e d .  The c u r r e n t  a s  k e p t  c o n s t a n t  b y  

a d ju s t i n g  t h e  r e s i s t a n c e  o f  th e  c i r c u i t  t o  b r i n g  t h e  s p o t  o f  t h e  

g a lv a n o m e te r  t o  a  f i x e d  m a rk .

A t  f i r s t ,  t h e  f i e l d  w a s  s e t  u s in g  B ra n c h  I  o f  a  h y s t e r e s i s  c y c l e  

w i t h  a  maximum c u r r e n t  o f  3 0  Amp. L a t e r ,  b o t h  t h i s  m eth o d  a n d  t h e  

m eth o d  u s in g  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e  w e r e  u s e d .  I n  e i t h e r  

c a s e ,  t h e  s t a r t i n g  p o i n t  w a s  t h e  d e - m a g n e t i z a t io n  o f  t h e  s p e c t r o m e t e r .  

The tw o  s t a n d a r d  m eth o d s  f o r  d e - m a g n e t iz in g  i r o n ,  t h o s e  o f  h e a t i n g  

t h e  i r o n  o r  u s in g  an  a . c ,  f i e l d  l a r g e  en ou gh  t o  s a t u r a t e  t h e  m a g n e t ,  

c o u ld  n o t  b e  u s e d .  The f o l l o w i n g  p r a c t i c e  w a s  a d o p te d  an d  fo u n d  

t o  b e  s a t i s f a c t o r y .

The c u r - r e n t  w a s  i n c r e a s e d  t o  t h e  maximum v a l u e  p r e v i o u s l y  u s e d  

a n d  th e n  t h e  s p e c t r o m e t e r  w a s  ta k e n  ro u n d  a  s e r i e s  o f  h y s t e r e s i s  lo o p s  

i n  w h ic h  t h e  maximum c u r r e n t  d ra w n  i n  e a c h  c y c l e  w a s  d e c r e a s e d  b y  1 Amp, 

When th e  lo w e s t  c u r r e n t  w h ic h  c o u ld  b e  d ra w n  w a s  r e a c h e d ,  t h e  l e a d s  

t o  t h e  s p e c t r o m e t e r  w e r e  d i s c o n n e c t e d  a n d  a  s m a l l  V a r i a c  w a s  u s e d  t o  

s u p p ly  lo w e r  a . c .  c u r r e n t s .  T h is  a . c .  c u r r e n t  w a s  i n c r e a s e d  t o  

2 A m ps, ( t h e  lo w e s t  v a l u e  w h ic h  c o u ld  b e  d ra w n  fro m  th e  a c c u m u la to r s  

u s in g  t h e  c i r c u i t  show n i n  P i g .  2 . 5 * ) »  a n d  th e n  d e c r e a s e d  t o  z e r o .

The f i e l d  w as m e a s u re d  t o  c h e c k  t h a t  i t  w a s  s m a l l .  T he ¡L a rg e s t  v a lu e  

m e a s u re d  w a s  0.1  g a u s s  a n d , s i n c e  th e  d i r e c t i o n  o f  t h e  f i e l d  w a s  n o t  

a lw a y s  th e  sam e, i t  w a s  th o u g h t  t o  b e  d u e t o  some s l i g h t  v a r i a t i o n  i n  

t h e  c y c l i n g  p r o c e d u r e .
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O nce th e  s p e c t r o m e t e r  h a d  b e e n  d e - m a g n e t iz e d ,  t h e  f i e l d  c o u ld  

b e  s e t  s t r a i g h t - a w a y  i f  i t  w as t o  b e  s e t  on th e  i n i t i a l  m a g n e t iz a t io n  

c u r v e .  I f  I  w is h e d  t o  w o rk  on a  h y s t e r e s i s  c y c l e ,  t h e  m ag n et w as  

r e a d y  f o r  t h e  h y s t e r e s i s  c y c l e  t o  b e  e s t a b l i s h e d .  The c y c l e  u s e d  h a d  

a  maximum c u r r e n t  o f  3 0  Am ps, w h ic h  w a s  e s t a b l i s h e d  b y  ta lc in g  th e  

m agnet ro u n d  a  s e r i e s  o f  h y s t e r e s i s  c y c l e s  i n  e a c h  o f  w h ic h  th e  

maximum c u r r e n t  w a s  •§■ Amp. g r e a t e r  th a n  i n  th e  p r e v i o u s  c y c l e .

O nce t h e  maximum c u r r e n t  r e a c h e d  3 0  A m p s ., t h e  s p e c t r o m e t e r  w a s  ta k e n  

ro u n d  t h a t  h y s t e r e s i s  c y c l e  s e v e r a l  t im e s  t o  e n s u r e  t h a t  i t  w a s  w e l l  

e s t a b l i s h e d .

The s e t t i n g  o f  t h e  f i e l d  w a s  much q u ic k e r  o n c e  a  h y s t e r e s i s  c y c l e  

h a d  b e e n  e s t a b l i s h e d  b e c a u s e  t h e  c u r r e n t  c o u ld  b e  i n c r e a s e d  a b o v e  th e  

v a l u e  d e s i r e d .  T h is  a l lo w e d  t h e  c o i l s  t o  w arm  an d  r e a c h  th e r m a l  

e q u i l i b r i u m  m ore q u i c k l y  th a n  w hen t h e  s p e c t r o m e t e r  w a s  u s e d  on  th e  

i n i t i a l  m a g n e t iz a t io n  c u r v e .  When th e r m a l  e q u i l i b r i u m  h a d  b e e n  a t t a i n e d ,  

th e  c u r r e n t  re m a in e d  c o n s t a n t ;  a l l  t h a t  w a s  t h e n  n e c e s s a r y  t o  s e t  th e  

f i e l d  w a s  t o  t a k e  t h e  s p e c t r o m e t e r  ro u n d  t h e  h y s t e r e s i s  c y c l e  t o  th e  

d e s i r e d  p o i n t .

The d i s a d v a n t a g e  w hen s e t t i n g  t h e  f i e l d  on  th e  i n i t i a l  

m a g n e t iz a t io n  c u r v e  w a s  t h a t  t h e  c u r r e n t  c o u ld  n o t  b e  i n c r e a s e d  a b o v e  

th e  r e q u i r e d  v a l u e .  B e s id e s  ta lc in g  l o n g e r  f o r  t h e r m a l  e q u i l i b r i u m  t o  

b e  a t t a i n e d ,  a  h ig h  f i e l d  c o u ld  n o t  b e  u s e d  an d  th e n  a  lo w  o n e ,  t h a t  

i s ,  I  h a d  e i t h e r  t o  w o rk  w i t h  a n  i n c r e a s i n g  f i e l d  o r  d e - m a g n e t iz e  th e  

s p e c t r o m e t e r  b e tw e e n  m e a su re m e n ts  o f  h ig h  a n d  lo w  e n e r g i e s .
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I t  i s  fo u n d  t h a t  t h e  f i e l d  sh a p e  c h a n g e s  m ore w hen t h e  f i e l d  i s

s e t  o n  B ra n c h  I  o f  a  h y s t e r e s i s  c y c l e  th a n  w hen i t  i s  s e t  on t h e  i n i t i a l  

m a g n e t iz a t io n  c u r v e .  The c h o ic e  b e tw e e n  w h ic h  o f  th e  tw o m e th o d s  t o  

u s e  d e p e n d s  o n  t h e  t y p e  o f  m ea su rem en t i t  i s  d e s i r e d  t o  m ake an d  i s  

d i s c u s s e d  i n  C h a p te r  IV  w h e re  t h e  b e h a v io u r  o f  t h e  s p e c t r o m e t e r  i s  

d e s c r i b e d .

3 .  M ea su rem en t o f  th e  M a g n e t ic  F i e l d .

The c h o ic e  o f  m eth od  b y  w h ic h  t o  m e a s u re  t h e  m a g n e t ic  f i e l d  

i s  g o v e r n e d  b y  s e v e r a l  f a c t o r s  -  th e  s t r e n g t h  o f  th e  f i e l d ,  i t s  

u n i f o r m i t y ,  t h e  a c c u r a c y  d e s i r e d ,  w h e t h e r  o n e  w a n ts  a  c o n t in u o u s  o r  

d i s c o n t in u o u s  m e a su re m e n t an d  a l s o  w h e t h e r  o n e  w is h e s  t o  make a n  

a b s o l u t e  o r  a  r e l a t i v e  m e a s u re m e n t. I f  i r o n  i s  n o t  u s e d  i n  th e  

c o n s t r u c t i o n  o f  t h e  s p e c t r o m e t e r ,  t h e  f i e l d  may b e  c a l c u l a t e d  f r o m  t h e  

s t r e n g t h  o f  t h e  c u r r e n t  w h ic h  c a n  b e  m e a s u re d  v e r y  a c c u r a t e l y .  When 

i r o n  i s  u s e d ,  a s  i n  t h i s  s p e c t r o m e t e r ,  i t  i s  n e c e s s a r y  t o  m e a su re  t h e  

f i e l d  s t r e n g t h .

W ith  t h i s  s p e c t r o m e t e r ,  h ig h  a c c u r a c y  i s  e s s e n t i a l  [b ecau se  r e s o l u 

t i o n s  o f  t h e  o r d e r  o f  0 . 1 $  h a v e  b e e n  a c h ie v e d  f o r  i n t e r n a l  c o n v e r s i o n  

l i n e s .  I n  o r d e r  t o  m e a s u re  t h e  momentum an d  e n e r g y  o f  a  l i n e  a c c u r a t e l y ,  

i t  m u st b e  p o s s i b l e  t o  s e t  a n d  m e a su re  t h e  f i e l d  a t  i n t e r v a l s  s m a l l e r  

th a n  t h i s  f i g u r e ,  a  v a lu e  o f  0 . 0 1 $  w o u ld  b e  s a t i s f a c t o r y .  T h is  a c c u r a c y  

i s  n o t  e a s y  t o  a c h i e v e  a n d  i s  made m ore d i f f i c u l t  b y  thej n o n - u n i f o r m i t y  

o f  t h e  f i e l d .  The c h a n g e  i n  th e  f i e l d  i s  1 . 2 % $ / c m . , a t  th e  m ean r a d i u s .  

The f i e l d  s t r e n g t h s  m o st f r e q u e n t l y  u s e d  l a y  b e tw e e n  1 5  

g a u s s .

- 25 -

g a u s s  a n d  250



T h e o r e t i c a l l y ,  s e v e r a l  ... Ls a r e  p o s s i b l e  1 t  e x p e r i n e n t a l l y ,  

m o st o f  th em  a r e  n o t  a c c u r a t e  e n o u g h . E ach  o f  t h e  m e th o d s  - w i l l  h e  

sxm im arised  b r i e f l y ,  t h e y  a r e : -

1 .  The m ea su rem en t o f  t h e  f o r c e  on a  c o n d u c to r  c a r r y i n g  a  

c u r r e n t .

The u s e  o f  n u c l e a r  " ìa g n e tic  :■ e s t r  a n e e .

t o - r e s i s t s  ( e . g .  h i  t l  j  ' l ) .

'T’T-./a nor> th e T-T 1 1lifi.J--.i- e f f e c t .

:L1Sn ; o f t h e  ch a i g e i n i n d u c t i o n  o f a  t h i

r i p due t o  a ch.an_ 5 i  r! :i ■ 3 p e i iueab: l i t y .

The r o e  o f  a  f l i p  c o i l  an d  g a lv a n o m e t e r .

7 •  The u s e  o f  g e n e r a t o r  m e th o d s .

1 .  The m e a su rem en t o f  t h e  f o r c e  a c o n d u c to r  c a r r y i n g  a  c u r r e n t .

T h is  m eth od  i s  v e r y  s i m p l e - i n  t h e o r y .  A own c u r r e n t  i s  

p a  1 th r o u g h  a  s t r a i g h t  c n d  c t i n g  w i r e  s u p p o r te d  i n  th e  f i e l d ,

The f o r c e  on th e  v a r e  c a u s e s  i t  t o  m o ve , th e  d e f l e c t i o n  b e in g  m e a s u re d  

T h is  m eth o d  i s  b e s t  s u i t e d  t o  th e  .. - . e r i  o f  h ig h  f i e l d s  and h a s

L e e  i  "... ] g b lu m , ( 24) ,  : 2 f t  s ld

i,
r d e r  o f  1 0 '  g a u s s .  The ; .. l i m i t e d  h ; f j  I c t l  ' ..

e d g e s  ( o r  b y  t o r s i o n  i f  a  w i r e  s u s p e n s io n  i s  u s e d ) ,  an d  t h e  n e e d  t o  

l i m i t  t h e  d e f l e  t i  t o  b e  a b le  t o  m e a s u re  i t  o v e r  a  w id e  r a n g e  o f

Lebls.

T h is  m ethod  w i l l  y i e l d  c o n t in u o u s  r e a d i n g s  o f  

s u b j e c t  t o  z e r o  d r i f t .  F o r  lo w  f i e l d s ,  i n  o r d e r  t o  

d e f l e c t i o n s ,  a  l a r g e  c u r r e n t  m u st b e  p a s s e d  th r o u g h

th e  f i e l d  b u t  i t  i s

Id, i n  r e a s o n a b le  

. . .  . . .
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c a u s e  h e a t i n g  f o r  w h ic h  a. c o r r e c t i o n  m u st h e  a p p l i e d .  

2 . H u c le a r  . l a g n e t i c  r e s o n a n c e .

T h is  i s  an  a b s o lu t e  m eth o d  and  

f i e l d  g r a d i e n t  i s  1 1 .  The s i g n a l

:an b e  made a c c u r a t e  i f  th e  

t o  n o i s e  r a t i o  i s  d e p e n d e n t  on

t h e  3 /2  p o w e r  o f  th e  f i e l d  a n d  i s  1 a v e r s e l y  p r o p o r t i o n a l  t o  th e  

b  n d w id th  ( 25 ) .  F o r  lo w  f i e l d s ,  b o t h  t l  ; s e  f a c t o r s  r e d u c e  th e  r a t i o  

c o n s i d e r a b l y .  Diamond ( 26) ,  d e s c r i b e s  a  s y s te m  u s e d  t o  m ea su re  

1 ' fo r m  f i e l d s  o f  th e  o r d e r  o f  13  g a u s s ,  t h e  v o lu m e  o f  t h e  sa m p le  

b e in g  7 0  c . c . s .  I n  o u r  s p e c t r o m e t e r  t h e  f i e l d  g r a d i e n t  i s  s u c h  t h a t

th e  s i z e  o f  t h e  sam p le  w o u ld  h a v e  t o  b e  s o  s m a ll  t h a t  a  s i g n a l  w o u ld  

n c t  b e  d e t e c t e d .  W h ere  n u c l e a r  m a g n e t ic  r e s o n a n c e  may b e  u s e d ,  th e  

a c c u r  c y  ca n  b e  made b e t t e r  th a n  C.1;7> ( 2 7 ) .

M a g n e t o - r e s i s t a n c e .

I f  a  b is m u th  w i r e  i s  p l a c e d  i n  a  m a g n e t ic  f i e l d ,  i t s  r e s i s t a n c e  

i n c r e a s e s .  T h is  e f f e c t  i s  known a s  m a g n e t o - r e s i s t a n c e .  F e w to n  an d  

do D r a z ia  ( 2 3 )  h a v e  d i s c u s s e d  t h e  u s e  c f  t h i s  e f f e c t  i n  t h e  n e a s  

o f  m a g n e t ic  f i e l d s .  To im p ro v e  t h e  s e n s i t i v i t y ,  t h e  b is m u th  w i r e  i s  

; e p t  a t  th e  te m p e r a t u r e  o f  l i q u i d  n i t r o g e n .  The i n c r e a s e  i n  r e s i s t a n c e  

o v e r  th e  ra n g e  C t o  1,0 0 0  g a u s s  i s  o n ly  33n  an d  i s  g r e a t e s t  a t  1,000 

g a u s s .  The a c c u r a c y  i s  d e te r m in e d  b y  th e  n o i s e  l e v e l  o f  t h e  r e s i s t a n c e s  

w h ic h  b eco m es t o o  g r e a t  a t  lo w  f i e l d  s t r e n g t h s .  A g a in ,  t h i s  m eth o d  

a l l o w s  c o n t in u o u s  r e a d i n g s  t o  b e  t a k e n .

L .  The H a l l  e f f e c t .

I f  a  c u r r e n t  i s  p a s s e d  a lo n g  a  s t r i p  o f  c o n d u c t in g  m a t e r i a l ,  a n  e . m . f
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i s  d e v e lo p e d  a c r o s s  t h e  s t r i p .  T h is  e . m . f .  i s  p r o p o r t i o n a l  t o  th e  

p r o d u c t  o f  t h e  c u r r e n t  an d  t h e  f i e l d  s t r e n g t h »  E ven  w i t h  a  s e m i

c o n d u c to r  w h ic h  h a s  a  l a r g e  K a i l  c o e f f i c i e n t ,  t h e  e . m . f .  d e v e lo p e d  i s  

s m a l l  f o r  f i e l d s  o f  th e  o r d e r  o f  t e n s  o f  g a u s s .  S o  f a r ,  t h e  a c c u r a c y  

w h ic h  h a s  b e e n  o b t a in e d  i s  a b o u t  1 f ,  w h ic h  i s  n o t  n o d  en o u gh  f o r  u s e

w i t h  t h i s  s p e c t r o m e t e r .
*»

5« The m ea su re m e n t o f  c h a n g e s  i n  i n d u c t i o n  du e t o  a. ch a n  e  i n  th e  

p e r m e a b i l i t y  o f  a  t h i n  m a g n e t ic  s t r i p .

A  t h i n  s t r i p  o f  p e r m a l lo y  p la c e d  i n  a  s t e a d y  m a g n e t ic  f i e l d  

w i l l  b e  g i v e n  a  b i a s ,  ’"hen an a.c. f i e l d ,  s u f f i c i e n t  t o  s a t u r a t e  th e  

p e r m a l lo y ,  i s  a p p l i e d ,  th e  o u tp u t  w i l l  b e  d i s t o r t e d  an d  a  2 

h a rm o n ic  c o n t e n t ,  p r o p o r t i o n a l  t o  t h e  d . c .  b i a s  w i l l  a p p e a r .  T h is  

m eth o d  i s  o n l y  a p p l i c a b l e  i n  th e  c a s e  o f  f i e l d s  i n  t h e  r a n g e  fro m  

0 t o  1,0 00  g a u s s ,  b u t  t h e r e  i s  a  te n d e n c y  a b o v e  10  g a u s s  f o r  t h e  s t r i p  

t o  becom e m a g n e t iz e d  th u s  u p s e t t i n g  th e  b a la n c e  ( 2 9 ) -  The a c c u r a c y  

a g a in  i s  o n ly  a b o u t  1 ; t .

A n o t h e r  m eth o d  u s in g  t h e  c h a n g e  i n  p e r m e a b i l i t y  i s  t h a t  u s in g  

’ p e a ic in g ' s t r i p s .  A s t r i p  w i t h  h ig h  i n i t i a l  p e r m e a b i l i t y  i s  p la c e d  

i n  t h e  c e n t r e  o f  tw o  c o i l s  t h e  a x e s  o f  w h ic h  a r e  a t  r i g h t  a n g l e s .  I f  

a  c u r r e n t  i s  p a s s e d  th r o u g h  one c o i l ,  a  p u l s e  i s  d e v e lo p e d  i n  t h e  o t h e r  

w hen t h e  f i e l d  g e n e r a t e d  b y  t h e  c u r r e n t  b eco m es g r e a t e r  th a n  th e  f i e l d  

t o  b e  m e a s u re d . The m eth o d  i s  d i s c u s s e d  b y  Sym onds ( 3 0 )  a s  a  m eans o f  

m e a s u r in g  r a p i d l y  v a r y i n g  f i e l d s ,  s u c h  a s  t h o s e  p ro d u c e d  i n  a  s y n c h r o t r o n .  

T he a c c u r a c y  h e  q u o te s  i s  1/».
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6 .  The f l i p  c o i l  an d  g a lv a n o m e t e r .

I n  t h i s  m e th o d , a  c o i l  i s  r o t a t e d  th r o u g h  a  knov/n a n g le .  The 

c h a r g e  g e n e r a t e d  i s  p a s s e d  th ro u g h  a  s p e c i a l  g a lv a n o m e t e r ,  c a l l e d  a  

f l u x m e t e r ,  -w hich i s  e l e c t r o m a g n e t i c a l l y  dam ped. T he d e f l e c t i o n  i s  

p r o p o r t i o n a l  t o  t h e  ch a n g e  i n  f l u x  b e c a u s e  th e  t o r s i o n a l  d am p in g  i s  

made v e r y  s m a l l .  The z e r o  i s  s u b j e c t  t o  e r r a t i c  d r i f t ,  w h i le  a i r  

dam ping an d  t h e  s l i g h t  t o r s i o n a l  dam p in g  p r e s e n t  l i m i t  t h e  a c c u r a c y  

b y  r e d u c in g  t h e  d e f l e c t i o n  f o r  l a r g e  f l u x  c h a n g e s .

To o ve rc o m e  dam ping a n d  t o r s i o n ,  a n d  t o  g i v e  q u ic k e r  r e s p o n s e s ,  

e l e c t r o n i c  f l u x m e t e r s  h a v e  b e e n  d e s ig n e d  ( 3 1 ) ,  ( 3 2 ) ,  b u t  t h e s e  a r e  

s t i l l  s u b j e c t  t o  z e r o  d r i f t .  The d i s a d v a n t a g e  w i t h  t h i s  m eth o d  i s  t h a t  

i t  i s  n o t  a  c o n t in u o u s  o n e .  P e c h t e r  an d  R eu b en  ( 3 3 )  u s e d  a  n u l l  

m eth o d  i n  w h ic h  tw o  c o i l s  w e re  r o t  t e d ,  o n e  i n  th e  f i e l d  t o  b e  m e a su re d  

a n d  t h e  o t h e r  i n  a  r e f e r e n c e  f i e l d .  The o u t p u t s  w e re  co m p a red  b y  f e e d in g  

th em  i n t o  a  b r i d g e  c i r c u i t .  A g a in  t h e  m eth o d  d o e s  n o t  y i e l d  c o n t in u o u s  

r e a d i n g s  a l t h o u g h  a  r e a d i n g  c a n  b e  made a u t o m a t i c a l l y  a t  a  known  

f r e q u e n c y .  The a c c u r a c y  q u o te d  i s  0 . 0 2 % • T h is  m eth od  d o e s  n o t  d e p e n d  

on  t h e  s p e e d  o f  r o t a t i o n  o f  th e  c o i l s  n o r  th e  ph a.se  b e tw e e n  t h e  o u t p u t s  

p r o v id e d  t h a t  b o t h  c o i l s  r o t a t e  th ro u g h  t h e i r  a n g le s  i n  a  much s h o r t e r  

t im e  th a n  t h e  p e r i o d  o f  t h e  g a lv a n o m e t e r .

7»  G e n e r a t o r  m e th o d s .

I f  i n s t e a d  o f  r o t a t i n g  a  c o i l  th ro u g h  a  known a n g le  t h e  c e i l  i s  

r o t a t e d  a t  c o n s t a n t  s p e e d ,  a n  e . m . f .  w i l l  b e  g e n e r a t e d .  T h is  e . m . f .  

may e i t h e r  b e  m e a s u re d  a s  a n  a . c .  s i g n a l  o r  c o n v e r t e d  t o  a n d  m e a s u re d  

a s  a  d . c .  s i g n a l .
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M a r t in  an d  R ic h a r d s o n  (34-) a n d  C o rk ,  S h r e f f l e r  an d  S h u l l  ( 3 5 )  

h a v e  u s e d  t h e  l a t t e r  m eth o d  c o n v e r t i n g  t h e  o u t p u t  t o  d . c .  b y  m eans o f  

a  c o m m u ta to r . T h e re  a r e  d i f f i c u l t i e s  w i t h  t h i s  m eth o d . T h ey  a r e  t h e  

e l i m i n a t i o n  o f  b r u s h  n o i s e ,  c o n t a c t  r e s i s t a n c e  an d  t h e r m o - e .m . f . ' s .

The b r u s h  n o i s e  a n d  c o n t a c t  r e s i s t a n c e  may c a u s e  e r r o n e o u s  r e a d i n g s ,  

th e  t h e r m o - e .m . f .  w i l l  o n l y  g i v e  f a l s e  r e a d i n g s  i f  t h e  co m m u ta to r  

i s  h e a t e d  u n e v e n ly .  Cork e t  a l .  q u o te  a  f i g u r e  o f  0.01 g a u s s  a s  th e  

s m a l l e s t  in c r e m e n t  i n  th e  f i e l d  s t r e n g t h  w h ic h  c o u ld  b e  d e t e c t e d .

T h is  w o u ld  y i e l d  an  a c c u r a c y  o f  0 . 1 J& a t  th e  lo w e s t  f i e l d  u s e d .

The a . c .  m eth o d  i s  a  n u l l  m e th o d , h e n c e  a t  t h e  b a la h c e  p o i n t  

no  c u r r e n t  f l o w s  a s  i t  d o e s  i n  t h e  d . c .  m e th o d . A s e c o n d  c o i l  i s  

r o t a t e d  i n  a  r e f e r e n  e f i e l d  a t  th e  same s p e e d  a s  th e  c o i l  i n  th e  

f i e l d  t o  b e  m e a s u re d . T he tw o  o u t p u t s  a r e  b a la n c e d  e i t h e r  u s in g  a  

b r i d g e  ( 3 6 ) ,  ( 3 7 ) ,  o r  a n  a m p l i f i e r  w h ic h  i n d i c a t e s  th e  minimum v a l u e  

o f  t h e  d i f f e r e n c e  v o l t a g e  ( 3 8 ) ,  ( 3 9 ) »  The m eth o d s  u s in g  a m p l i f i e r s  

a r e  c a p a b le  o f  g i v i n g  r e s u l t s  w i t h  a n  a c c u r a c y  b e t t e r  th a n  0 .0 1/ o . The  

m a in  t r o u b l e s  w h ic h  a r i s e  a r e  t h o s e  o f  p h a s in g  t h e  c o i l s  an d  b r u s h  

n o i s e .

B e c a u s e  t h e s e  g e n e r a t o r  m e th o d s  seem ed so  p r o m is in g ,  i t  w as  

d e c id e d  t o  i n v e s t i g a t e  t h e i r  p o s s i b i l i t i e s .  The b e s t  m eth o d  seem ed  

t o  b e  t h e  n u l l  r e c o d i n g  s y s te m  u s in g  tw o  s p in n in g  c o i l s  a n d  an  

a m p l i f i e r ,  s o  i t  w as d e c id e d  t o  b u i l d  a  s i m i l a r  s y s t e m . W h ile  t h i s  

w a s b e in g  d e v e lo p e d ,  a  s i n g l e  c o i l  w a s  u s e d  t o  p ro d u c e  a  d . c .  v o l t a g e  

w h ic h  w a s  m e a s u re d  w i t h  a  p o t e n t i o m e t e r .  To e n a b le  m eth o d s  t o  b e
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u s e d  a t  th e  sam e t im e ,  a  s e t  o f  s l i p  r i n g s  an d  a  co m m u ta to r w e re  

p u t  on th e  sam e s h a f t  s u p p o r t in g  th e  c o i l .  The a r ra n g e m e n t  i s  

show n i n  P i g .  2 . 6 . ,  a  s i m i l a r  a r ra n g e m e n t  w as u s e d  on  th e  s h a f t  

s u p p o r t in g  t h e  c o i l  i n  t h e  r e f e r e n c e  f i e l d .

The c i r c u i t  f o r  th e  d . c .  m eth o d  w a s  c o n s t r u c t e d  b y  B a r r y .

A c o n d e n s e r  w a s  p la c e d  a c r o s s  t h e  b r u s h e s  t o  r e d u c e  t h e  b r u s h  n o i s e .  

The s i g n a l  w a s  th e n  f e d  th r o u g h  a  f i l t e r ,  w i t h  a  c u t - o f f  f r e q u e n c y  

o f  10  c / s ,  t o  a  v o l t a g e  d i v i d e r  an d  f ro m  t h i s  t o  a  p o t e n t i o m e t e r  

( T i n s l e y ,  m o d el 3 3 8 7 6 ) .  T he p o s i t i o n  o f  t h e  b r u s h e s  w a s  a d ju s t e d  

r e l a t i v e  t o  th e  c o i l  t o  g i v e  a  maximum o u t p u t .  W ith  s i l v e r - g r a p h i t e  

b r u s h e s ,  t h e  o u tp u t  w a s  e x t r e m e ly  s t e a d y  a n d  t h e r e  w a s  l i t t l e  n e e d  

t o  c l e a n  th e  co m m u ta to r a s  t h e  b r u s h e s  w e r e  s e l f - l u b r i c a t i n g .

When tw o  c o i l s  w e re  u s e d ,  t h e  o u t p u t s  w e re  b a c k e d  o f f  an d  f e d  

i n t o  a  s e n s i t i v e  a m p l i f i e r  w i t h  a  n a r ro w  b a n d -w d d th . The p h a s e  o f  

t h e  tw o  c o i l s  m u st b e  a d j u s t a b l e  t o  e n a b le  th e  o u t p u t s  t o  b e  b a la n c e d  

e x a c t l y .  L a n g e r  an d  S c o t t  ( 3 6 )  u s e d  tw o  s y n c h ro n o u s  m o to rs  w i t h  a  

t h r e e  p h a s e  s u p p ly  a n d  tw o  v a r ia c s ^  t o  a l t e r  t h e  p h a s e  o f  t h e  tw o  

c o i l s .  H ed g ran  ( 38) p la c e d  b o t h  c o i l s  on t h e  same s h a f t  an d  u s e d  a  

s m a l l  m a g n e t ic  f i e l d  t o  a l t e r  t h e  d i r e c t i o n  o f  t h e  r e f e r e n c e  f i e l d ,  

t h u s  c h a n g in g  t h e  r e l a t i v e  p h a s e  o f  t h e  tw o  c o i l s .

W ith  t h e  l a t t e r  m e th o d , f o r  a c c u r a t e  w o rk ,  t h e  s t r e n g t h  o f  th e  

p h a s in g  f i e l d  m u st b e  a d d ed  v e c t o r i a l l y  t o  t h e  m ain  r e f e r e n c e  f i e l d .  

S in c e  i t  i s  d e s i r a b l e  t o  k e e p  th e  r e f e r e n c e  f i e l d  a s  f a r  aw ay a s  

p o s s i b l e  f ro m  t h e  s p e c t r o m e t e r  f i e l d ,  H ed g ran  u s e d  a  r o t a t i n g  s h a f t
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w h ic h  s t r e t c h e d  a c r o s s  t h e  l a b o r a t o r y .  B e c a u s e  o f  t h i s  r o t a t i n g  

s h a f t ,  th e  r e f e r e n c e  f i e l d  w a s  n o t  m o v a b le  an d  so  h e  h a d  t o  m ake a  

c o r r e c t i o n  f o r  t h e  r e s i d u a l  m a g n e t ic  f i e l d  i n  t h e  l a b o r a t o r y .

H e re  we d e c id e d  t o  u s e  a  c o m b in a t io n  o f  some o f  th e  f e a t u r e s  

o f  b o t h  H e d g ra n 's  a n d  L a n g e r  a n d  S c o t t ' s  m e th o d s . Two s y n c h ro n o u s  

m o to rs  w e re  u s e d  an d  th e  r e f e r e n c e  f i e l d  w a s  b u i l t  on  a  s t a n d  so  

t h a t  i t  c o u ld  b e  a l i g n e d  w i t h  th e  m a g n e t ic  f i e l d  i n  t h e  l a b o r a t o r y .

An a u x i l i a r y  f i e l d  w as b u i l t  t o  p h a s e  t h e  tw o  s p in n in g  c o i l s .  By  

m akin g  t h e  r e f e r e n c e  f i e l d  c a p a b le  o f  r o t a t i o n  a b o u t  t h e  a x i s  o f  

r o t a t i o n  o f  t h e  s p in n in g  c o i l ,  t h e  m a g n itu d e  o f  t h e  a u x i l i a r y  f i e l d  

n e e d  n e v e r  b e  m ore th a n  2 $  o f  t h e  r e f e r e n c e  f i e l d .  T he c o r r e c t i o n  

t o  t h e  r e f e r e n c e  f i e l d  i s  th e n  o n l y  2 : 10^ .

The s p in n in g  c o i l s  w e r e  w ound s o  t h a t  b o t h  h a d  t h e  sam e num ber  

o f  A m p e r e - tu r n s .  T h a t i n  t h e  r e f e r e n c e  f i e l d  h a d  2 , 8 0 0  t u r n s  o f  

41  B . S . S .  G a u g e , d o u b le  s i l k  c o v e r e d  w i r e ,  ta p p e d  a t  1 0 1 7  t u r n s .

The c o i l  i n  t h e  s p e c t r o m e t e r  h a d  3 , 5 5 0  t u r n s  o f  4-0 B . S . S .  G a u g e , 

s i n g l e  s i l k  c o v e r e d  w i r e ,  ta p p e d  a t  1 ,0 8 4 -  t u r n s .  B o th  c o i l s  w e r e  ta p p e d  

a f t e r  1 , 0 0 0  t u r n s  so  t h a t  t h e y  a l s o  h a d  a n  A m p e r e - tu r n s  p r o d u c t  

o n e - t e n t h  t h a t  o f  t h e  w h o le  c o i l  t h u s  a l l o w i n g  a  w id e  r a n g e  o f  f i e l d s  

t o  b e  m e a s u re d  -w ith o u t c h a n g in g  e i t h e r  c o i l .

T he r e f e r e n c e  f i e l d  i s  p r o v id e d  b y  tw o  p a i r s  o f  c o i l s ,  P i g s .

2 . 7 ,  2 . 8  an d  2 . 9 .  The m ain  c o i l s ,  show n i n  P i g .  2 . 7 ,  w e re  c i r c u l a r  

an d  t h e  s e p a r a t i o n  o f  t h e i r  c e n t r e s  w a s  5*22 i n c h e s ,  t h a t  i s ,  s l i g h t l y  

g r e a t e r  th a n  t h e  H e lm h o ltz  s e p a r a t i o n .  E ach  c o i l  c o n t a in e d  614  t u r n s
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D is t a n c e  fro m  t h e  c e n t r e  
o f  t h e  c o i l .  (cmsJl

0 0 . 6 3 5 ' 1 .1 3 5 1 . 6 3 5 2 . 1 3 5 2 . 0 3 5 3 . 1 3 5 ' 3 . 6 3 5 4 . 1 3 5

F i e l d  ( o e r s t e d ) 1 0 0 . 0 0 1 0 0 . 2 0 100 . 4.0 1 0 1 . 0 5 1 0 1 . 6 7 1 0 2 . 4 0 1 0 4 . 0 4 1 0 4 . 9 6 1 0 5 . 9 8

M ean F i e l d  
( o e r s t e d )

1 0 0 . 0 0 1 0 0 . 1 1 0 0 . 2 1 0 0 . 5 1 0 0 . 9 1 0 1 . 7 1 0 2 . 1 1 0 2 . 6 1 0 2 . 9

TABLE 2 . 1 .  A x i a l  U n i f o r m i t y  o f  F i e l d  f ro m  H e lm h o ltz  C o i l s



1 5  B . S . S .  G a u g e , d o u b le  c o t t o n  c o v e r e d  w i r e  a n d  h a d  a  r e s i s t a n c e  o f  

2 . 5  ohrns. The p o w e r  d i s s i p a t i o n  w a s  1 2 . 5  w a t t s  i n  e a c h  c o i l  w hen  

t h e  c u r r e n t  w a s  2 .2 4 -  Am ps. The f i e l d  p ro d u c e d  b y  t h i s  c u r r e n t  w as  

1 00 g a u s s .

To c h e c k  t h e  u n i f o r m i t y  o f  th e  f i e l d ,  a  fe w  c a l c u l a t i o n s  o f  

t h e  f i e l d  s t r e n g t h  w e re  made f o r  p o i n t s  a lo n g  t h e  a x i s ,  t h e s e  a r e  

g i v e n  i n  t a b l e  2 . 1 .  The c h a n g e  o v e r  th e  r a d i u s  o f  t h e  s p in n in g  

c o i l  in c h )  w a s  l e s s  th a n  2/5, w h i le  t h e  mean v a lu e  o f  t h e  f i e l d  

o v e r  t h e  a r e a  o f  t h e  c o i l  i s  0 .9/ 5  g r e a t e r  th a n  t h e  v a l u e  a t  t h e  c e n t r e  

T h e se  c o i l s  w e re  m ou n ted  on a  b r a s s  b o x  w h ic h  c o u ld  b e  r o t a t e d  a b o u t  

t h e  a x i s  o f  r o t a t i o n  o f  t h e  s p in n in g  c o i l  a n d  d r i v i n g  s h a f t .  T h is  

a l lo w e d  th e  r e l a t i v e  p h a s e  o f  t h e  tw o  s p in n in g  c o i l s  t o  b e  a d ju s t e d  

t o  w i t h i n  o n e  d e g r e e  o f  t h e  r e q u i r e d  a n g le .

To g i v e  a  f i n e  c o n t r o l  o v e r  t h e  p h a s in g  o f  t h e  s p in n in g  c o i l s ,  

a  s e c o n d  p a i r  o f  c o i l s  w as m o u n ted  t o  p ro d u c e  a  f i e l d  a t  r i g h t  a n g le s  

t o  t h e  m ain  f i e l d .  T h ese  w e r e  s h a p e d  i n  a c c o r d a n c e  w i t h  d e s ig n s  u s e d  

b y  H a r r i s  ( 40) and  L yd d an e  an d  R u a rk  ( 4 1 ) *  T h e se  c o i l s  c o u ld  b e  

f i t t e d  e a s i l y  t o  th e  b o x  s u p p o r t in g  t h e  m ain  c o i l s .  T he e q u a t io n  

g i v e n  i n  b o t h  p a p e r s  w e re  c o m p l i c a t e d ,  so  a  s im p le  fo r m , d e r i v e d  i n  

A .p p en d ix  A , w a s  u s e d  t o  c a l c u l a t e  th e  f i e l d s  f o r  s e v e r a l  d im e n s io n s  

o f  th e  c o i l s .  I n  th e  f i n a l  d e s ig n ,  e a c h  c o i l  c o n t a in e d  6 3 0  t u r n s  o f  

3 0  S .W . G a u g e , d o u b le  s i l k  c o v e r e d  w i r e  an d  h a d  a  r e s i s t a n c e  o f  1 1 4  

ohm s, t h e  w i r e s  w e r e  c o v e r e d  w i t h  s h e l l a c  v a r n i s h  t o  k e e p  th em  i n  

p l a c e .  A f i e l d  o f  2 . 2  g a u s s  c o u ld  b e  p ro d u c e d  b y  a  c u r r e n t  o f  0 . 1  Amp
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FIG. 2.10 Circuit Diagram for one Stage of the Amplifier



The o u tp u t  f ro m  t h e  s p in n in g  c o i l s  w a s  f e d  i n t o  a n  a m p l i f i e r  

s i m i l a r  t o  t h  t  d e s ig n e d  b y  S t u r t e v a n t  ( 4 2 ) .  The c i r c u i t  d ia g ra m  

i s  show n i n  F i g .  2 . 1 0 .  The a m p l i f i e r  c o n s i s t e d  o f  tw o  s i m i l a r  

c i r c u i t s  w i t h  r e s o n a n t  f r e q u e n c i e s  o f  24*3 c / s  an d  25*7 c / s ,  s t a g g e r e d  

t o  g i v e  a  maximum g a in  a t  25*0 c / s  an d  a  b a n d w id th  o f  2 c / s  f o r  a  

p o w e r  l o s s  o f  3  d b . The t h e o r y  o f  s t a g g e r - t u n e d  c i r c u i t s  h a s  b e e n  

g i v e n  b y  T erm an ( 4 3 ) .  The g a in  an d  f r e q u e n c y  o f  e a c h  s t a g e  c o u ld

b e  c o n t r o l l e d  b y  in d e p e n d e n t  n e t w o r k s .  The g a in  w a s  c o n t r o l l e d  b y

4 5
r e s i s t o r s  R  ̂ , R ^ , R ^ , R ^ , an d  w a s  c h o s e n  t o  b e  1 0  . The f r e q u e n c y

w a s  c o n t r o l l e d  b y  t h e  tw in -T  n e tw o r k s  R , R, , R , G , C , C . F i g s .Q. D C SL D C
2 .1 1  an d  2 .1 2  show  t h e  r e s p o n s e  o f  e a c h  s t a g e  a n d  th e  co m b in ed  r e s p o n s e  

w hen th e  a m p l i f i e r  i s  c o r r e c t l y  t u n e d .  The f r e q u e n c y  w as fo u n d  t o  

d e p e n d  on th e  s e t t i n g  o f  R , t h e  g a in  c o n t r o l ,  b u t  b y  a d ju s t i n g  t h i s  

r e s i s t o r ,  th e  f r e q u e n c y  c o u ld  b e  s e t  t o  th e  c o r r e c t  v a l u e .  The  

g a in  w a s  m e a s u re d  a n d  w as 160 f o r  e a c h  s t a g e ,  th e  o v e r a l l  v a lu e  

b e in g  2 5 *000.

The o u tp u t  f ro m  t h e  s e c o n d  s t a g e  w a s  r e c t i f i e d  a n d  f e d  i n t o  a

m ic ro a m m e te r . A s h u n t  w a s  p r o v id e d  s o  t h a t  t h e  s e n s i t i v i t y  o f  th e

a m p l i f i e r  c o u ld  b e  a l t e r e d .  T h e re  w e re  tw o  s e n s i t i v i t y  r a n g e s ,  th e

l e s s  s e n s i t i v e  g i v i n g  an  o u tp u t  o f  10  d i v i s i o n s  f o r  a n  i n p u t  s i g n a l

o f  9 7  m i c r o v o l t s .  S u c h  a n  i n p u t  w a s  e q u i v a le n t  t o  t h e  s i g n a l  w h ic h

w o u ld  r e s u l t  f r o m  a  ch a n g e  o f  7 , 6  x  10  g a u s s  i n  on e o f  th e  f i e l d s .

T h is  r a n g e  w a s  l i n e a r  o n ly  o v e r  t h e  lo w e r  p o r t i o n  o f  t h e  s c a l e .  The

m ore s e n s i t i v e  r a n g e  y i e l d e d  10  d i v i s i o n s  o u tp u t  f o r  an  in p u t  o f  14*2
-3

m i c r o v o l t s  a n d  w a s  e q u i v a le n t  t o  a  c h a n g e  o f  1 . 1  x  10  g a u s s  i n  one
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FIG . 2 .1 2 The Response of the Complete Amplifier



f i e l d .  S in c e  t h e  lo w e s t  f i e l d  t o  h e  m e a s u re d  w a s  1 3  g a u s s ,  f l u c t u a 

t i o n s  o f  1 0  d i v i s i o n s  i n  th e  o u tp u t  o n  t h e  m ore s e n s i t i v e  r a n g e  w o u ld  

l i m i t  th e  a c c u r a c y  t o  1 : 1 0  ".

l ih e n  t h e  a p p a r a t u s  w a s  f i r s t  u s e d ,  c a rb o n  b r u s h e s  w e re  u s e d  on  

b r a s s  s l i p  r i n g s .  T h e se  w e r e  s t a t e d  t o  b e  v e r y  g o o d  b y  B a c k s tro m  ( 3 9 )  

b u t  I  fo u n d  th em  u n s a t i s f a c t o r y .  The o u tp u t  fro m  th e  r e f e r e n c e  f i e l d  

c o u ld  n o t  b e  r e d u c e d  t o  z e r o ,  e v e n  w hen t h e r e  w a s  no  a p p l i e d  f i e l d .

The a x i s  o f  r o t a t i o n  h a d  b e e n  a l i g n e d  w i t h  t h e  d i r e c t i o n  o f  t h e  s t r a y  

f i e l d  i n  t h e  l a b o r a t o r y  so  t h a t  t h e  r e a d i n g  s h o u ld  h a v e  b e e n  z e r o .

The p o i n t e r  o f  t h e  o u t p u t  m e t e r  f l i c k e r e d  r a p i d l y  a b o u t  a  n o n - z e r o  

v a l u e .  S e v e r a l  e x p la n a t i o n s  w e re  p o s s i b l e  f o r  t h i s  b e h a v i o u r : -

1 .  I n t e r f e r e n c e  f ro m  s t r a y  f i e l d s .

2 .  V a r i a t i o n s  i n  t h e  m a g n e t ic  f i e l d  i n  th e  l a b o r a t o r y .

3 .  V i b r a t i o n s  i n  t h e  f r a m e .

L .  E a r t h in g  t r o u b l e s .

5 .  A m p l i f i e r  i n s t a b i l i t y .

6 .  B ru s h  n o i s e .

The e f f e c t  o f  s t r a y  f i e l d s  w a s  t e s t e d  b y  m o vin g  a  t r a n s f o r m e r

c a r r y i n g  c u r r e n t  n e a r  t h e  s p in n in g  c o i l .  No e f f e c t  w as A p p a re n t  

u n l e s s  th e  t r a n s f o r m e r  w a s  i n  c o n t a c t  w i t h  th e  r e f e r e n c e  c o i l s .  I t

i s  t h e r e f o r e  u n l i k e l y  t h a t  a n y  s t r a y  f i e l d  w o u ld  a f f e c t  th e  o u tp u t

fro m  t h e  s p in n in g  c o i l ,  

w a s  show n t o  b e  t o o  c o n s

The s t r a y  m a g n e t ic  f i e l d  i n  th e l a b o r a t o r y

t a n t  t o  c a u s e  t h e  t r o u b l e .  A c a th o d e  r a y

p l a c e :1 p a r a l l e l t o  th e  f i e l d  i n  t h e  l a b o r a t o r y  an d  t h etu b e  w as
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d e f l e c t i o n s  o f  t h e  s p o t  w e r e  o b s e r v e d .  T h ey w e re  " b a re ly  l a r g e  en ough
te ej

t o A d e t e c t  a n d  fro m  a  c a l c u l a t i o n  i t  w a s  d e d u c e d  t h a t  t h e  f l u c t u a t i o n s  

i n  th e  f i e l d  w e r e  l e s s  th a n  0.004  g a u s s .

A m ore s o l i d  fra m e  w a s  " b u i l t ,  t h a t  show n i n  F i g .  2 . 1 3 ,  "but i t  

d i d  n o t  h a v e  a n y  e f f e c t  on th e  o u t p u t .  The e a r t h s  w e re  r e w i r e d  

w it h o u t  c h a n g in g  th e  " b eh a v io u r o f  th e  o u t p u t .  The o u t p u t ,  w hen a  

b e a t  f r e q u e n c y  o s c i l l a t o r  s u p p l i e d  th e  s i g n a l  w a s  s o  s t e a d y  t h a t  no  

m ovem ent o f  t h e  p o i n t e r  o f  t h e  o u t p u t  m e t e r  c o u ld  b e  d e t e c t e d .  I t  

w ap t h u s  assu m ed  t h a t  t h e  a m p l i f i e r  w a s  b e h a v in g  c o r r e c t j l y .

W hen t h e  b r u s h  p r e s s u r e  w a s  a l t e r e d ,  t h e r e  w a s  l i t t l e  c h a n g e  i n  

th e  b e h a v io u s  o f  t h e  p o i n t e r ,  b u t  w hen t h e  num ber o f  b r u s h e s  w as  

i n c r e a s e d  t o  t h r e e  p e r  r i n g  t h e r e  w a s  a  g r e a t  im p ro v e m e n t.  N ot o n ly  

w a s th e  a m p li tu d e  o f  th e  f l i c k e r  r e d u c e d  b u t  t h e  o u tp u t  c o u ld  b e  

b r o u g h t  t o  t h e  z e r o .  The t r o u b l e s  w e re  n o t  c u r e d  b e c a u s e ,  w hen t h e  

a p p a r a t u s  w a s  l e f t  r u n n i n g . t h e  r e a d in g  s t e a d i l y  i n c r e a s e d  a n d  c o u ld  

n o  l o n g e r  b e  r e d u c e d  t o  s e r o .  S o o n  a f t e r  t h i s  i t  w a s  fo u n d  t h a t  t h i s  

t r o u b l e  o c c u r r e d  w hen t h e  c o i l  w a s  s h o r t e d  th u s  d e m o n s t r a t in g  t h a t  

i t  w a s  d u e t o  th e  b r u s h e s .  W a lk e r  ( 44) show ed  t h a t  th e  c o n t a c t  

r e s i s t a n c e  b e tw e e n  c o p p e r  an d  c a rb o n  i s  d e p e n d e n t u p o n  t i e  d i r e c t i o n  

o f  th e  c u r r e n t .  S in c e  t h e  s l i p  r i n g s  b ecam e h o t  w hen r u i  f o r  a n y  

l e n g t h  o f  t i m e ,  i t  seem ed l i k e l y  t h a t  t h e  c o n t a c t  v o l t a g e  o f  e a c h  

r i n g  sn d  s e t  o f  b r u s h e s  w o u ld  b e  d i f f e r e n t  f ro m  t h e  o t h e r s .  T h is  

d i f f e r e n c e  w o u ld  g i v e  r i s e  t o  an  a . c .  s i g n a l  i f  th e  t e m p e r a t u r e s  o f  

t h e  r i n g s  v a r i e s .
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aTo c h e c k  t h a t  t h e  t r o u b l e  w a s  d u e t o  t h e  c a rb o n  b r u s h e s ,  

s i l v e r  w i r e  w a s  s o l d e r e d  t o  tr ie  e n d s  o f  tw o  b r a s s  b lo c k s  w h ic h  w e re  

p la c e d  i n  th e  b r u s h  h o l d e r s .  The r e s u l t  w as c o n c l u s i v e ,  t h e  r e a d i n g  

c o u ld  im m e d ia te ly  b e  r e d u c e d  t o  z e r o  an d  m a in ta in e d  t h e r e  i n d e f i n i t e l y .  

To im p ro v e  t h e  c o n t a c t  and t o  r e d u c e  w e a r ,  a  s i l v e r  p l a t e  w a s  s o ld e r e d  

t o  th e  e n d s  o f  th e  b r a s s  b l o c k s  a n d  t h r e e  b r u s h e s  w e re  p u t  on  e a c h  

r i n g .  The tw o s p in n in g  c o i l s  w e re  th a n  u s e d  t o g e t h e r .  A s t h e r e  w as  

u s u a l l y  a  re m a n e n t f i e l d  i n  th e  s p e c t r o m e t e r ,  a  c u r r e n t  w as p a s s e d  

th ro u g h  th e  r e f e r e n c e  f i e l d  t o  b a la n c e  th e  f i e l d  i n  th e  s p e c t r  m e t e r .  

The c i r c u i t  f o r  t h e  r e f e r e n c e  f i e l d  i s  show n i n  T ig .  2 . 1 4 -  I t  w a s  

d e s ig n e d  t o  b e  u s e d  w i t h  t h e  sam e s u p p ly  v o l t a g e  a s  t h a t  u s e d  i n  th e  

s p e c t r o m e t e r  c i r c u i t .

A t  f i r s t ,  i t  w a s  fo u n d  d i f f i c u l t  t o  d e t e c t  th e  minimum i n  th e  

o u t p u t  o f  t h e  a m p l i f i e r  b e c a u s e  t h e  s e n s i t i v i t y  o f  t h e  a m p l i f i e r  w as  

so  g r e a t .  I f  th e  tw o  c o i l s  w e re  n o t  1 3 0  o u t  o f  p h a s e ,  th e  minixaum  

s i g n a l  w as t o o  l a r g e  f o r  th e  a m p l i f i e r  a n d  o v e r lo a d e d  i t .  When t h e  

minimum h a d  b e e n  fo u n d  th e  p h a s in g  f i e l d  w a s  a l t e r e d  t o  r e d u c e  th e  

r e a d i n g  f u r t h e r  an d  th e n  th e  m ain  f i e l d  v a l t e r e d  a g a in  t o  o b t a in  

t h e  lo w e s t  r e a d i n g .  Once t h e  p o s i t i o n  o f  th e  r e f e r e n c e  f i e l d  h a d  b e e n  

s e t ,  i t  w a s  e a s i e r  t o  d e t e c t  th e  minimum w hen th e  a p p a r a t u s  w a s  u s e d  

a g a i n .  The s e n s i t i v i t y  w a s  s u c h  t h a t ,  t o  m ove th e  p o i n t e r  f ro m  a  

maximum r e a d in g  on th e  o u tp u t  m e t e r  th r o u g h  th e  minimuift t o  t h e  maximum  

on th e  o t h e r  s i d e  o f  th e  p o i n t  o f  b a la n c e  r e q u i r e d  a  c u r r e n t  ch a n g e  

o f  o n ly  3 : 1 , 000.
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F IG . 2 .1 5 The D e s ig n  o f  t h e  F i n a l  S e t  o f  S l i p - r i n g s  a n d  B ru s h e s



The p o i n t e r  w a s  n o t  s t e a d y  "but e s c i l l a t e d  i r r e g u l a r l y  w i t h  a n

a m p li tu d e  o f  a b o u t  1 0  d i v i s i o n s .  The u n s t e a d i n e s s  o f  t h e  p o i n t e r  w as

th o u g h t  t o  b e  d u e t o  t h e  b r u s h  d e s ig n .  The b r u s h e s  w e re  r e c t a n g u l a r

b lo c k s  s l i d i n g  i n  b r a s s  h o l d e r s  w h ic h  a l lo w e d  a  l o t  o f  s i d e  p l a y  i n

t h e  b r u s h e s .  I  th o u g h t  t h i s  t o  b e  u n d e s i r a b l e  s o  I  c o n s id e r e d  o t h e r

d e s ig n s  a n d  d e c id e d  t o  c o p y  o n e  b y  J o h n s o n  M a tth e y  ( 4 5 )  u s in g  th e

m a t e r i a l s  s u g g e s te d  i n  a n o t h e r  o f  t h e i r  l e a f l e t s  ( 46) .  The s l i p

r i n g s  w e re  m a c h in e d  f ro m  a  s i l v e r  tu b e  an d  w e re  t u r n e d  w hen t h e y  h a d

b e e n  m o u n ted  i n  p o s i t i o n  on t h e  s h a f t s  o f  t h e  tw o d r i v i n g  s y s t e m s .

The r a d i i  o f  t h e  s l i p  r i n g s  w as d e c r e a s e d  t o  r e d u c e  t h e  s p e e d  o f

c o n t a c t  o f  th e  s u r f a c e s ,  b u t  t h i s  c o u ld  n o t  b e  r e d u c e d  b e lo w  th e

f i g u r e  o f  1 2 0  c m s ./ s e c .  recom m ended b y  M o rto n  ( 4 7 ) •

The b r u s h e s  w e re  made fro m  e l k o n i t e  ( s i l v e r - g r a p h i t e )  r i v é t s  w h ic h

w e re  f i x e d  t o  p h o s p h o r - b r o n z e  s p r i n g s .  T he d im e n s io n s  c o n fo rm  t o

s p e c i f i c a t i o n s  l a i d  down i n  th e  l e a f l e t s  b y  J o h n s o n  M a tth e y  L t d .

The d e s ig n  o f  t h e  w h o le  a s s e m b ly  i s  shown i n  F i g s .  2 . 1 5  a n d  2 . 6 .

T h e se  m a t e r i a l s  w e re  c h o s e n  t o  g i v e  lo w  t h e r m o - e .m . f . ' s ,  l i t t l e  n o i s e

an d  a  lo w  r a t e  o f  w e a r .  T he p r e s s u r e  on  t h e  b r u s h e s  coujLd b e  a l t e r e d

b y  u s in g  s p a c e r s  b e tw e e n  t h e  h e a d  o f  t h e  b r u s h  a n d  th e  b a k e l i t e

h o l d e r .  T h e se  b r u s h e s  w e re  n e v e r  g i v e n  a  c o m p le te  t e s t  b e c a u s e  t im e
*

d i d  n o t  p e r m it  su c h  a  t e s t .  T he z e r o  r e a d i n g  w a s  c h e c k e d  f o r  t h e  

c o i l  i n  t h e  r e f e r e n c e  f i e l d  an d  w a s  fo u n d  t o  b e  s t a b l e  a g a i n s t  f l i c k e r  

a n d  lo n g  te r m  d r i f t .
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Mr» K am al t o o k  o v e r  th e  a p p a r a t u s  a n d  c o m p le te d  t h e  f i n a l  t e s t i n g  

o f  i t .  W i th o u t  a n y  f u r t h e r  m o d i f i c a t i o n  h e  w a s  a b le  t o  make 

r e p r o d u c i b le  m e a su re m e n ts  o f  t h e  f i e l d  t o  1 : 2 5 , 000»
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Chapter III.

A p p a r a t u s  a n d  T e c h n iq u e s .

1 .  A p p a r a t u s .

The i n t e r n a l  a r ra n g e m e n t  o f  t h e  s p e c t r o m e t e r  an d  t h e  r e s t  o f  

t h e  e q u ip m e n t w i l l  h e  d e s c r i b e d  i n  t h i s  c h a p t e r .

I t  i s  p o s s i b l e  t o  g a in  a c c e s s  t o  t h e  vacu um  ch am b er a t  f i v e  

p o i n t s ,  th ro u g h  h o l e s  i n  t h e  c e n t r e  o f  t h e  to p  a n d  b o t to m  p l a t e s  

a n d  th r o u g h  t h r e e  p o r t s  i n  th e  w a l l  o f  t h e  vacu u m  ch a m b e r. The 

s o u r c e  i s  p u t  i n t o  t h e  s p e c t r o m e t e r  th r o u g h  th e  f i r s t  p o r t ,  show n  

i n  th e  F i g .  3 » 1  • C o n n e c t io n s  t o  th e  G e i g e r - M u l le r  tu b e  a r e  made 

th r o u g h  t h e  s e c o n d  p o r t  an d  w h i le  t h e  t h i r d  p o r t  i s  u s e d  t o  m ake 

a d ju s t m e n t s  t o  t h e  f o c a l  p la n e  s h u t t e r  a n d  t h e  0 - e ig e r - M u l le r  t u b e .  

When B a r r y  f i r s t  made m e a s u re m e n ts  on  t h e  s h a p e  o f  t h e  f i e l d ,  a  

c y l i n d r i c a l  r o d  w a s  p la c e d  a lo n g  t h e  a x i s  o f  th e  s p e c t r o m e t e r .  T h is  

r o d  w a s  l a t e r  u s e d  t o  s u p p o r t  t h e  s o u r c e ,  s h u t t e r s  a n d  th e  c o u n t e r  

tu b e  a n d  fo rm e d  a  v e r y  c o n v e n ie n t  p l a c e  f ro m  w h ic h  t o  m e a su re  r a d i a l  

d i s t a n c e s .

T h e re  a r e  f i v e  s h u t t e r s  a n d  f o u r  b a f f l e s ,  w h ic h  a r e  u s e d  t o  

d e f i n e  th e  s o l i d  a n g le  u s e d  an d  t o  k e e p  t h e  num ber o f  s c a t t e r e d  

p a r t i c l e s  t o  a  m inim um .

T he p o s i t i o n s  o f  t h e  s h u t t e r s  a r e  show n i n  F i g .  3*'l * T he f i r s t  

s h u t t e r  s ^ , l i e s  a t  an  a n g le  o f  1+7 * 5 °  t o  t h e  r a d i u s  th r o u g h  th e  

s o u r c e .  I t  w a s  d e s ig n e d  t o  o p e n  s y m m e t r i c a l l y  a b o u t  t h e  m e d ia n  p la n e  

( z  = 0 )  a n d  may b e  c o n t r o l l e d  th ro u g h  t h e  l i d .  The maximum a p e r t u r e  

i s  2 0  c m s .,w h e n  z  = + 1 0  cm s. T he r a d i a l  e x t e n t  o f  t h e  a p e r t u r e  may
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F IG . 3.1 The I n t e r n a l  A rra n g e m e n t o f  th e  S p e c t r o m e t e r .



o n ly  b e  a l t e r e d  b y  i n s e r t i n g  m e t a l  s t r i p s  i n t o  a  s l o t  b e h in d  th e  

v e r t i c a l  s h u t t e r s .  The maximum r a d i a l  e x  e n t  g i v e s  a  r a d i u s  o f  

5 5  cm s. a t  a n  a n g le  o f  1 2 7 ° ,  i . e . ,  i n  t h e  a z im u th a l  p la n e  m id -w a y  

b e tw e e n  t h e  s o u r c e  and t h e  im a g e , t h e  h a l f - a n g l e  a , .  The minimum!L

r a d i a l  e x t e n t  a t  4 7 * 5 °  g i v e s  a  r a d i u s  a t  t h e  h a l f - a n g l e  o f  2 0  c m s ..  

B e c a u s e  t h e  f i e l d  d e v i a t e d  fro m  th e  t h e o r e t i c a l  sh a p e  i n  t h e  e x t re m e  

r e g io n s  o f  t h e  s p e c t r o m e t e r ,  tw o  s t r i p s  w e re  i n s e r t e d  a lo n g  e i t h e r  

e d  e  o f  t h e  f i r s t  s h u t t e r  t o  l i m i t  th e  maximum an d  minimum r a d i i  a t  

t h e  h a l f - a n g l e  t o  50 cm s. a n d  25 cm s. r e s p e c t i v e l y .

The s e c o n d  s h u t t e r ,  s 0 , w as p la c e d  a t  th e  h a l f - a n g l e .  T h is  

w as d e s ig n e d  t o  r e d u c e  t h e  nu m ber o f  p a r t i c l e s  w h ic h  r e a c h  th e  

d e t e c t o r  a f t e r  b e in g  s c a t t e r e d  b y  th e  w a l l s  o f  t h e  vacu um  c h a m b e r.  

The t h i r d  s h u t t e r ,  s , ,  a n d  t h e  f o u r  b a f f l e s  B , t o  B, , a l s o  s e r v e
y  1 4

t o  r e d u c e  t h e  nu m ber o f  s c a t t e r e d  e l e c t r o n s .  I n  a  f i e l d  s i m i l a r  

t o  t h a t  i n  t h i s  s p e c t r o m e t e r ,  / 3 - r a y s  w i t h  lo w e r  e n e r g y  th a n  t h a t  o f  

t h e  m ean r a y  w i l l  f o l l o w  t r o c h o i d a l  p r b i t s .  To e l i m i n a t e  t h e s e  

p a r t i c l e s ,  a  se p tu m , S p ,  1 0  cm s. w id e  w a s  p la c e d  t a n g e n t i a l l y  t o  th e  

p a t h  o f  t h e  mean r a y  ( r  = 4 0  c m s .)  a t  th e  h a l f - a n g l e  an d  a  s t o p ,  T , 

d e s ig n a t e d  " t r o c h o i d  s t o p p e r " ,  w a s  p la c e d  i n  f r o n t  o f  t h e  f o c a l  

p l a n e .

S h u t t e r  s , w as a  v a r i a b l e  s l i t  w h ic h  w a s  p la c e d  i n  ¡th e  f o c a l  
4

p l a n e .  Two b e v e l l e d  b r a s s  p l a t e s  s l i d  i n  g r o o v e s  so  t h a t  b o t h  th e  

w id t h  an d  t h e  p o s i t i o n  o f  t h i s  sL it c o u ld  b e  a l t e r e d .  I n  e v e r y  

e x p e r im e n t  th e  s l i t  w id t h  w a s  s e t  e q u a l  t o  t h e  s o u r c e  w id t h  an d  th e
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F IG . 3 .2 The Arm  s u p p o r t i n g  t h e  S o u r c e  a n d  F ram e.

o o

F IG . 3 .3 The Fram e u s e d  t o  s u p p o r t  t h e  S o u r c e .



h e i g h t  w a s  a lw a y s  t h e  maximum p e r m i s s i b l e ,  1 . 6  cm s.- T h is  s h u t t e r  an d  

t h e  G e ig e r - M u l l e r  tu b e  w e r e  m o u n ted  on  a  m o v e a b le  a rm . The s h u t t e r  

c o u ld  b e  s e t  i n  t h e  f o c a l  p la n e  b y  a  r a c k  a n d  p i n i o n  c o n t r o l  th r o u g h  

t h e  t h i r d  w in d o w . The r e s o l u t i o n  w a s  m e a s u re d  w i t h  t h e  s h u t t e r  a t  

s e v e r a l  d i f f e r e n t  a n g le s  a n d  t h e  arm  w a s  th e n  s e t  t o  g i v e  t h e  b e s t  

r e s o l u t i o n .

A f i f t h  s h u t t e r ,  s ^ ,  w as p la c e d  b e h in d  th e  s o u r c e  t o  s t o p  r a y s  

t r a v e r s i n g  th e  f i e l d  i n  t h e  w ro n g  d i r e c t i o n  f ro m  r e a c h in g  t h e  c o u n t e r  

t u b e .  T h is  s h u t t e r  w a s  p la c e d  a s  f a r  aw ay f ro m  t h e  s o u r c e  a s  w as  

p o s s i b l e  t o  k e e p  t h e  num ber o f  e l e c t r o n s  b a c k - s c a t t e r e d  fro m  i t  

t o  a  m inim um . T he d i s t a n c e  w as l i m i t e d  b y  t h e  p o s i t i o n  o f  t h e  

s p in n in g  c o i l  a n d  t h e  n e e d  t o  p l a c e  l e a d  b lo c k s  b e tw e e n  t h e  s o u r c e  

a n d  th e  c o u n t e r  tu b e  t o  r e d u c e  t h e  nu m ber o f  2 - r a y s  r e a c h in g  t h e  

c o u n t e r  t u b e ,  s o  c o n t r i b u t i n g  t o  th e  b a c k g ro u n d  c o u n t  r a t e .

The s o u r c e  w a s  m o u n ted  on  a  f ra m e  an d  s u p p o r te d  b y  a n  arm  f i x e d  

t o  t h e  c e n t r a l  r o d .  S in c e  a  n e a r  o b j e c t  s u b ta n d s  a  l a r g e  s o l i d  

a n g le  a t  t h e  s o u r c e ,  i t  may s c a t t e r  a  l a r g e  nu m ber o f  p a r t i c l e s  i n t o  

t h e  f o c u s s e d  beam . The arm  w a s  d e s ig n e d  t o  g i v e  a  r i g i d  sup_ o r t  f o r  

t h e  f r a m e ,  u s in g  a  l i J t l e  m a t e r i a l  a s  p o s s i b l e  t o  k e e p  clown t h e  

s c a t t e r .  The arm  w a s  made fro m  a n g l e - b r a s s  w h ic h  w a s  b p n t  s o  t h a t  

i t  w o u ld  l i e  c l o s e  t o  t h e  u p p e r  p o le  f a c e ,  a s  shown i n  J i g .  3 * 2 .  A 

T h in  r o d  w a s  h e l f  b y  t h i s  arm  a t  a  r a d i u s  o f  AC cm s. a n d  th e  fra m e  

w a s  s u s p e n d e d  f ro m  t h e  en d  o f  i t .  The f r a m e  w a s  c u t  f ro m  w i t h e r  

1 / 1 6  i n .  o f  1 / 3 2  i n .  s h e e t  b r a s s  a n d  w a s  4  cm. s q u a r e  w i t h  s i d e s
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1 / 1 6 i n .  w id e  a n d  i s  i l l u s t r a t e d  i n  F i g .  3 * 3 *  T he s o u r c e s  w e re  

m o u n ted  on t h e  f r a m e  on  t h i n  c o n d u c t in g  f o i l s .

To r e g i s t e r  t h e  i n t e n s i t y  o f  t h e  p - r a y s ,  a  G e ig e r -4  D u lle r  tu b e

w a s  u s e d  w i t h  a  1 0 1 4 A  p r e - a m p l i f i e r  an d  a  1 0 0 9 A  s c a l e r  .  The

p r e - a m p l i f i e r  p a r a l y s i s  t im e  w a s  s e t  t o  3CQ m ic r o s e c o n d s  w h ic h  w a s

lo n g e r  th a n  e i t h e r  th e  p a r a l y s i s  t im e  o f  t h e  s c a l e r  o r  th e  d e a d  +

r e c o v e r y  t im e  o f  t h e  c o u n t e r  t u b e .  The v o l t a g e  w a s  s u p p l i e d  b p  a  

*
1C 33A  p o w e r  p a c k  •

The f i r s t  G e i g e r - K u l l e r  t u b e s  u s e d  w e re  en d  w in d ow  t u b e s .  The  

w in d o w s w e r e  e i t h e r  o f  0 . 0 0 0 5  i n .  o r  0 . 0 0 0 2 5  i n .  M y la r  f o i l  o n to  w h ic h  

a  t h i n  l a y e r  o f  a lu m in iu m  had. b e e n  e v a p o r a t e d  t o  m ake th em  c o n d u c t in g .  

To s e a l  t h e  w in d o w s o n to  t h e  e n d s  o f  th e  t u b e s ,  a  r u b b e r  s o l u t i o n  

W as u s e d ;  ’ D u n lo p *  r u b b e r  s o l u t i o n  w as fo u n d  t o  g i v e  b e t t e r  r e s u l t s  

th a n  'B u lld o g *  s o l u t i o n .  The s o l u t i o n  w as a p p l i e d  l i b e r a l l y  t o  

fo r m  a  r i n g  ro u n d  th e  en d  o f  t h e  tu b e  an d  th e n  a l lo w e d  t o  d r y .

T h is  fo rm ed  a  g o o d  g a s k e t -  a g a i n s t  w h ic h  t h e  w in dow  w a s  h e ld  b p  a  

c la m p in g  r i n g .  T h e se  t u b e s  w e re  f i l l e d  o u t s i d e  t h e  s p e c t r o m e t e r  an d  

t h u s  h a d  t o  w i t h s t a n d  a tm o s p h e r ic  p r e s s u r e ;  th e  f i l l i n g  m ix t u r e  w as  

9 cm. Hg. a r g o n  + 1 cm. H g. a l c o h o l .  Due t o  th e  p r e s e n c e  o f  m in u te  

h o l e s  i n  th e  w in d o w s t h e  g a s  l e a k e d  o u t  o f  th e  t u b e s  so  t h e  t u b e s  h a d  

t o  b e  r e f i l l e d  o n c e  a  w e e k . The c o u n t e r s  h a d  p l a t e a u x  w i t h  l e n g t h s  

g r e a t e r  th a n  1 0 0  v o l t s ,  t h e  s l o p e s  b e in g  O .O o ^ / v o lt .

A .E .R .E . H a r w e l l  d e s ig n  l í o s .  (E . K. C o l e ) .

-  4-3 -
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To a v o id  t h e  d e a d  s p a c e  du e t o  t h e  h e a d s  i n  t h e s e  t u b e s ,  tw o  

s i d e  w in d o w  t u b e s  w e r e  d e s ig n e d  o n e  o f  w h ic h  i s  show n i n  P i g .  3 »4*

The d i f f e r e n c e  b e tw e e n  th e  tw o  t u b e s  w a s  i n  th e  s i z e s  o f  t h e  w in d o w s .  

One w a s  0 . 2  i n .  w id e  b y  0 . 6 2 5  i n .  h ig h  an d  w a s  d e s ig n e d  t o  b e  u s e d
CO r»V€ rs t

i n  th e  m ea su rem en t o f  i n t e r n a l . l i n e s ,  th e  o t h e r  w a s  0 . 7 5  i n .  w id e  

b y  0.625  i n .  h ig h  a n d  w a s  d e s ig n e d  t o  b e  u s e d  w hen ¿ - s p e c t r a  w e re  

m e a s u re d . An e x t e n s i o n  w a s  ms.de t o  t h e  f i l l i n g  s y s t e m ,  e n a b l in g  

t h e s e  t u b e s  t o  b e  f i l l e d  i n s i d e  t h e  s p e c t r o m e t e r .  T he G-.M. tu b e  

w a s  c o n n e c te d  t o  t h e  vacu um  ch a m b e r th r o u g h  a  t a p  s o  t h a t  i t  c o u ld  

b e  e v a c u a t e d  w i t h  th e  vacu um  c h a m b e r; t h e  g r e a t e s t  p r e s s u r e  a c r o s s  

t h e  w in d ow  w a s  t h u s  th e  p r e s s u r e  o f  t h e  f i l l i n g  m ix t u r e .

P e r s p e x  w a s  o r i g i n a l l y  u s e d  t o  c o v e r  th e  e n d s  o f  t h e  t u b e s  

an d  t o  s u p p o r t  th e  c e n t r a l  w i r e  a n o d e  b u t  w a s  r e p l a c e d  b y  g l a s s  

b e c a u s e  i t  w a s  fo u n d  t h a t  th e  p e r s p e x  a b s o r b e d  t h e  a l c o h o l  a s  f a s t  

a s  i t  w a s  f e d  i n t o  t h e  t u b e .  W ith  g l a s s  e n d s ,  th e  c o u n t e r s  h a d  

p l a t e a u x  m ore th an . 1 0 0  v o l t s  lo n g  o v e r  w h ic h  l e n g t h s  t h e r e  w a s  no  

m e a s u r a b le  i n c r e a s e  i n  t h e  c o u n t in g  r a t e .

The vacu u m  ch am b er w a s  e v a c u a t e d  th r o u g h  t h e  lo w e r  c o v e r

p l a t e  o f  t h e  s p e c t r o m e t e r .  T he pu m ping s y s te m  w a s  r a t h e r  s lo w

f o r  su c h  a  l a r g e  vacu um  t a n k ,  i t  c o n s i s t e d  o f  a  r o t a r y  pump

( 1 S 5 0  E d w a rd ’ s  H ig h  V a c . )  o f  o n l y  5 0  l i t r e s  p e r  m in u te  an d  a  2 i n .

d i f f u s i o n  pump ( 2 0 3  E d w a rd 's )  g i v i n g  7 0  l i t r e s  p e r  s e c o n d . The

t im e  ta k e n  t o  r e a c h  a  p r e s s u r e  o f  1 0  ^  mm.Hg. w a s  a b o u t  f i v e  h o u r s .

- 5A p r e s s u r e  o f  1 0  mm.Hg. o r  b e t t e r  w a s  u s e d  an d  c o u ld  b e  r e a c h e d  

a f t e r  a b o u t  s i x t e e n  h o u r s .
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2 .  S o u r c e  P r e p a r a t i o n .

I f  a  t r u e  e n e r g y  s p e c tru m  i s  t o  b e  o b t a in e d ,  i t  i s  n e c e s s a r y  

t o  p a y  g r e a t  a t t e n t i o n  t o  t h e  p r e p a r a t i o n  o f  t h e  s o u r c e s .

D i s t o r t i o n  may a r i s e  i n  t h e  m e a s u re d  s p e c tru m  fr o m  s t r a n g l i n g  due  

t o  ( a )  s o u r c e  t h i c k n e s s ,  ( b )  e l e c t r o n s  b a c k - s c a t t e r e d  fro m  -¿he 

s u p p o r t in g  b a c k in g  a n d  ( c )  a  r e t a r d a t i o n  a n d  l o s s  o f  e n e r g y  b r o u g h t  

a b o u t  b y  s o u r c e  c h a r g i n g .  W hen t h e s e  d i s t o r t i o n s  w e r e  n o t  im p o r t a n t  

( e . g .  w hen t h e  f o c u s s i n g  p r o p e r t i e s  o f  t h e  s p e c t r o m e t e r  w e r e  b e in g  

m e a su re d )  a  t h i c k  b a c k in g  o f  g o ld  f o i l  3 5  mgm./cm. w a s  u s e d .  F o r  

m e a s u re m e n ts  o n  t h e  s p e c t r a  o f  Y t t r iu m -9 '1  a n d  C e r iu m -1 4 4  th e  s o u r c e s  

w e r e  m o u n ted  on  a lu m in iu m  b a c k in g s  l e s s  th a n  50 m ic ro  g ra ii/ cm  t h i c k .

A p o t  c o n t a i n i n g  R a d io - t h o r iu m  p r o v id e d  a  s o u r c e  o f  Th(B+C+C+C+D),  

T h o riu m  a c t i v e  d e p o s i t ,  w h ic h  w a s  u s e d  i n  th e  s t u d y  o f  th e  b e h a v io u r  

o f  t h e  s p e c t r o m e t e r  an d  w h ic h  -«as a l s o  u s e d  t o  c a l i b r a t e  t h e  f i e l d  

i n  t h e  s p e c t r o m e t e r .  To p r e p a r e  a  s o u r c e ,  a  m e t a l  f o i l  5  cm . lo n g  

b y  1 cm. w id e  w a s  p la c e d  o n  a  p e r s p e x  j i g  a n d  c o v e r e d  bV a  s h e e t  

o f  m ic a  i n  w h ic h  a  s l o t ,  t h e  d im e n s io n s  o f  t h e  r e q u i r e d  s c a r c e ,  

h a d  b e e n  c u t .  T h is  w a s  p la c e d  on t h e  p o t  o f  R a d io - t h o r iu m ,  an d  a  

n e g a t i v e  p o t e n t i a l  w as a p p l i e d  b e tw e e n  th e  f o i l  an d  th e  l e a d  s h i e l d i n g  

r o u n d  t h e  p o t .  The f i e l d  c a u s e d  Th A t o  c o l l e c t  on  t h e  f o i l .

The Th A d e c a y e d  r a p i d l y  t o  Th B w h ic h  h a s  a  h a l f - l i f e  o f  1 0 . 6  h o u rs *  

T he s t r e n g t h  o f  t h e  s o u r c e  w a s  75?» o f  t h e  maximum p o s s i b l e  a f t e r  a b o u t  

s i x t e e n  h o u r s  ( t h i s  q u a n t i t y  c o u ld  b e  c o n v e n i e n t ly  c o l l e c t e d  

o v e r n i g h t ) . I f  t h e  s o u r c e  w a s  l e f t  l o n g e r ,  t h e  t h i c k n e s s  i n c r e a s e d
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w it h o u t  a  c o r r e s p o n d in g  in c r e s .s e  i n  t h e  a c t i v i t y  h e n c e  t h e r e  w a s  

no p o i n t  i n  c o l l e c t i n g  f o r  l o n g e r  p e r i o d s .

W hen t h e  f o i l  h a d  b e e n  a c t i v a t e d ,  i t  w a s  re m o v e d  f ro m  t h e  

p e r s p e x  j i g  an d  f i x e d  t o  t h e  f r a m e  e i t h e r  w i t h  a  n u t  a n d  b o l t  ( i n  

t h e  c a s e  o f  th e  t h i c k e r  f o i l s )  o r  w i t h  a  t h i n  l a y e r  o f  r u b b e r  

s o l u t i o n .  When a  s o u r c e  w a s  u s e d  t o  c a l i b r a t e  t h e  s p e c t r o m e t e r ,  

t h e  t h i c k n e s s  o f  t h e  f o i l  w a s  14-0 m ic ro g rsm s/ cm  a lu m in iu m  l e a f  ( t h e  

t h i n n e s t  a v a i l a b l e ) . S in c e  t h i s  l e a f  h a  :; no  m e c h a n ic a l  s t r e n g t h  

i t  w as s tu c k  on  a  t h i n  f i l m  o f  z a p o n la k  1 0  m ic ro g ra m s/ cm  t h ic k *

The s o u r c e s  o f  Y t t r iu m - 9 1  and C e r iu m - 1 4 4  w e re  o b t a in e d  fro m  

t h e  R a d io  C h e m ic a l C e n t r e ,  A m ersham , an d  a r r i v e d ,  i n  a c i d  s o l u t i o n ,  

i n  s m a l l  s e a le d  b o t t l e s .  To p r e p a r e  s o u r c e s  t o  m ount i n  t h e  

s p e c t r o m e t e r ,  a  f i l m  o f  z a p o n la k  1 0  m ic ro g ram s/ cm  t h i c k  w a s  p la c e d  

on  t h e  fra m e  a n d  a  s e m i-o p a q u e  l a y e r  o f  a lu m in iu m  w a s  e v a p o r a t e d  

o n to  t h i s  f i l m  t o  r e n d e r  i t  c o n d u c t i v e .  The t h i c k n e s s  o f  t h i s  

a lu m in iu m  l a y e r  w as e s t im a t e d  t o  b e  l e s s  th a n  30 m c ro r ra m s / c m ^ .  

B e c a u s e  t h e  f i l m  i s  h y d r o p h o b ic  t h e  a c i d  s o l u t i o n  w i l l  n o t  s p r e a d  

on  th e  s u r f a c e .  To e n a b le  th e  s o l u t i o n  t o  s p re a d  a n d  th u s  e n s u r e  

t h a t  th e  s o u r c e  i s  a s  u n i f o r m  a s  p o s s i b l e ,  a  d ro p  o f  i n s u l i n  w a s  

p u t  on th e  f i l m  a n d  s p r e a d  o v e r  th e  e n t r a l  a r e a  o f  t h e  f i l s ,  a  

t e c h n iq u e  f i r s t  i s e d  by S c h a e f  r  an d  H a rk n e r  (4-8) and l a t e r ,  by 

(49)« T] xcess in s iw L in  w a s  re m o v e d  w i t h  a  p i p e t t e .  By 

e v a p o r a t in g  a known q u a n t i t y  o f  i n s u l i n  t o  d r y n e s s ,  t h e  t h i c k n e s s

m:e la, ¡r on the film could be estimated. The maximum thickness
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2
o f  t h e  l a y e r  w a s  e s t im a t e d  t o  b e  50 m ic ro g ra n / c n i' , .

The s o u r c e  o f  Y -9 1  w a s  t h e n  made b y  re m o v in g  a  s m a l l  q u a n t i t y  

o f  s o l u t i o n  f r o m  th e  b o t t l e  an d  p u t t i n g  a  fe w  d r o p s  o f  t h e  s o l u t i o n  

o n to  th e  i n s u l i n  w h ic h  w as i n  t h e  sh a p e  o f  a  s q u a r e  w i t h  s i d e s  1 cm. 

l o n g .  The s o l u t i o n  w as l e f t  t o  e v a p o r a t e  an d  th e n  a  fe w  m ore  d r o p s  

w e re  p la c e d  on  t h e  f i l m .  T h is  p r o c e s s  w as r e p e a t e d  u n t i l  th e  

s t r e n g t h  o f  t h e  s o u r c e s  w a s  a b o u t  1 m i l l i c u r i e .  F rom  t h e  d a t a  

s u p p l i e d  b y  th e  R a d io  C h e m ic a l C e n t r e ,  t h e  t h i c k n e s s  o f  t h e  s o u r c e ,  

w h ic h  w as i n  th e  fo rm  o f  Y t t r iu m  C h l o r i d e ,  c o u ld  b e  c a l c u l a t e d .

The t h i c k n e s s  o f  th e  Y -9 1  s o u r c e  i t s e l f  w a s  e s t im a t e d  t o  b e  2 0  

m icro g ra m s/ c m  , t h u s  w i t h  t h e  i n s u l i n  t h e  t o t a l  t h i c k n e s s  o f  th e  

s o u r c e  i s  < 7 0  m icro gram / cm  •

T he C e - 1 4 4  s o u r c e  w a s  o b t a in e d  t o  s t u d y  some o f  t h e  i n t e r n a l  

c o n v e r s i o n  l i n e s  a r i s i n g  fro m  t h e  d e c a y  o f  C e - 1 4 4  t o  P r - 1 4 4 .

S in c e  I  w a n te d  t o  u s e  a s  h ig h  a  r e s o l u t i o n  a s  p o s s i b l e ,  t h e  w id t h  

o f  t h e  s o u r c e  w a s  made 1 mm. w id e  a n d  1 cm. lo n g .  B e c a u s e  o f  th e  

lo n g  h a l f - l i f e  o f  C e - 1 4 4  ( 1 8 5  d a y s )  th e  s t r e n g t h  o f  t h e  s o u r c e  w a s  

made 1 / 1 0  m i l l i c u r i e  w h ic h  wa s  th e  a c t i v i t y  c o n t a in e d  i n  o n e  d ro p  

o f  t h e  s o l u t i o n .  The t h i c k n e s s  o f  t h i s  s o u r c e  w as c a l c u l a t e d  t o
p

b e  1 0 0  m ic ro g ra m s/ c m - .  a n d  w i t h  th e  i n s u l i n  an d  th e  f i l m ,  t h e  t o t a l
2

t h ic k n e s s  o f  t h e  s o u r c e  w a s  c a l c u l a t e d  t o  b e  1 5 0  m ic ro g ra m s/ c in - .

T h is  t h i c k n e s s  w a s  c a l c u l a t e d  t o  b ro a d e n  t h e  b a s e  w id t h  o f  a  l i n e  

b y  0 . 1 5$> a t  1 0 0  KeV an d  b y  0 . 3 5 4  a t  2 7  K eV . A s e c o n d , s t r o n g e r  

s o u r c e  w a s  p r e p a r e d  w i t h  d im e n s io n s  2  mm. x  16  mm., b u t  o w in g  t o
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i t s  t h i c k n e s s ,  t h e  r e s o l u t i o n  w a s  a b o u t  0 . 5 ^ .

3 .  C a l i b r a t i o n  o f  t h e  S p e c t r o m e t e r  a n d  t h e  E s t im a t io n  o f  E r r o r s .

I n  o r d e r  t o  a s c e r t a i n  th e  momentum o r  e n e r g y  o f  a  /?-l i n e  o r  

t h e  momentum s e l c t e d  i n  a  / 3 -sp e c tru m , i t  i s  n e c e s s a r y  t o  c a l i b r a t e  

th e  f i e l d  o f  t h e  s p e c t r o m e t e r .  I f  b o t h  n an d  B a r e  d e te r m in e d  

a c c u r a t e l y ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  momentum a b s o l u t e l y .

I t  i s ,  h o w e v e r ,  d i f f i c u l t  t o  m ake b o t h  t h e s e  m e a s u re m e n ts  a t  t h e  

sam e t im e .  I f  a  f i x e d  r a d i u s  q i s  u s e d  i n  t h e  s p e c t r o m e t e r ,  t h e  

momentum may b e  c o n p a r e d  w i t h  o t h e r  m om enta b y  m e a s u r in g  t h e  

r e l a t i v e  v a l u e s  o f  t h e  f i e l d  B ,

I  c h o s e  t h e  l a t t e r  m e th o d . S in c e  t h e  s t r e n g t h  o f  t h e  f i e l d

w a s  m e a s u re d  b y  r o t a t i n g  a  c o i l  a t  a  f i x e d  f r e q u e n c y ,  t h e  o u t p u t s

c o u ld  b e  co m p a red  d i r e c t l y .  Th(B+C+C+C+D) e m its  f i v e  / 5 - l in e s  w h o se

e n e r g i e s  a r e  a c c u r a t e l y  kn ow n . T h e se  l i n e s ,  th e  A - ,  B - ,  F - ,  L -

an d  X - l i n e s ,  w h ic h  a r e  s t a n d a r d  l i n e s ,  w e r e  u s e d  t o  c a l i b r a t e  th e

s p e c t r o m e t e r .  The s p e c t r o m e t e r  w a s  c a l i b r a t e d  e a c h  t im e  th e

s p e c t r a  o f  Y -9 1  o r  C e - 1 4 4  w e re  m e a s u re d , t o  e l i m i n a t e  a n y  e r r o r s

d u e  t o  c h a n g e s  w h ic h  m ig h t o t h e r w i s e  h a v e  o c c u r r e d ,  s u c h  a s  f o r

e x a m p le  a  c h a n g e  i n  p h a s e  o f  t h e  c o m m u ta to r . The g e o m e t r i c a l  s i z e

o f  t h e  c a l i b r a t i n g  s o u r c e  w a s  made i d e n t i c a l  w i t h  t h a t  o f  th e

s o u r c e  b e in g  m e a s u re d  s o  t h a t  t h e  l i n e  s h a p e s  w o u ld  r e s e m b le  e a c h

o t h e r  a s  c l o s e l y  a s  p o s s i b l e .  The s o u r c e s  o f  T h o r iu m - a c t iv e  d e p o s i t

2.
w a s  p r e p a r e d  o n  a lu m in iu m  l e a f  1 4 0  m ic ro g ra m s/ c m  t o  r e d u c e  t h e  

b a c k - s c a t t e r i n g  t o  a  m inim um .
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FIG. 3 .5 The Profile of a p-line.



The o u tp u t  f r o m  t h e  r o t a t i n g  c o i l  c o u ld  h e  r e a d  on t h e

p o t e n t i o m e t e r  t o  b e t t e r  th a n  1 : 1 ( A .  The a c c u r a c y  w a s  l i m i t e d  t o

3
1 : 1 0  h o w e v e r ,  b e c a u s e  o f  o s c i l l a t i o n s  o f  t h i s  m a g n itu d e  i n  th e  

o u t p u t .  T h e re  i s  a l s o  a n  e r r o r  i n  th e  e s t i m a t i o n  o f  t h e  e x a c t  

p o s i t i o n  o f  a  / 5 - l i n e .  P i g .  3 * 5 *  sh o w s a  t h e o r e t i c a l  l i n e  s h a p e  

f o r  a  s e m i - c i r c u l a r  s p e c t r o m e t e r ,  t h a t  f o r  a  d o u b le  f o c u s s i n g  

s p e c t r o m e t e r  s h o u ld  b e  v e r y  s i m i l a r .  I f  on e i s  m e a s u r in g  t h e  

momentum o f  a n  i n t e r n a l  c o n v e r s i o n  l i n e ,  o n e  may c h o o s e  a n y  p o i n t  

on t h e  l i n e  t o  s e r v e  a s  a  r e f e r e n c e  p o i n t .  The h ig h  e n e r g y  e d g e ,  

w h ic h  i s  fo rm e d  b y  r a y s  t r a v e l l i n g  n e a r  t o  th e  m ean r a d i u s ,  i s  

w e l l  d e f i n e d .  The p o i n t  a t  w h ic h  t h i s  e d g e  i n t e r s e c t s  t h e  b a c k 

g ro u n d  i s  a l s o  w e l l  d e f i n e d  a n d  i s  u s u a l l y  ta k e n  a s  t h e  r e f e r e n c e  

p o i n t .  When a  t h i n  s o u r c e  i s  u s e d  t o  c a l i b r a t e  t h e  f i e l d ,  t h e r e  

i s  l i t t l e  l o s s  o f  e n e r g y  i n  t h e  s o u r c e  s o  t h a t  t h i s  r e f e r e n c e  p o i n t  

may b e  u s e d  a s  a  m e a su re  o f  t h e  momentum an d  e n e r g y  o f  th e  l i n e .  

W ith  a  t h i c k  s o u r c e ,  a l l  t h e  r a y s  w i l l  l o s e  a  s m a l l  am ount o f  

e n e r g y  l e a v i n g  t h e  s o u r c e ,  h e n c e  t h i s  p o i n t  c a n  n o  l o n g e r  b e  u s e d  

a s  a  m e a su re  o f  i t s  e n e r g y .  E e c a u s e  t h e  s o u r c e s  w e re  a lw a y s  t h i n ,  

t h e  p o i n t  o f  i n t e r s e c t i o n  o f  t h e  h ig h  e n e r g y  e d g e s  w i t h  th e

b a c k g ro u n d  w e re  a lw a y s  w e l l  d e f i n e d  t h e  e x p e r im e n t a l  c u r v e s  an d

3
c o u ld  b e  r e a d  w i t h  a n  a c c u r a c y  o f  1 : 1 0  .

B e t a - s p e c t r a  p r e s e n t  a  d i f f e r e n t  p ro b le m . H e re ,  t h e  m om enta  

o f  t h e  r a y  c o n t r i b u t i n g  t o  th e  c o u n t in g  r a t e  a t  a  p a r t i c u l a r  

s e t t i n g  o f  t h e  f i e l d  h a v e  a  s p r e a d  i n  e n e r g y  du e t o  t h e  a b e r r a t i o n s
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i n  t h e  s p e c t r o m e t e r .  I f  t h e  n u m b er o f  / 5 - r a y s  e m i t t e d  b y  th e  s o u r c e  

i s  r e g a r d e d  a s  c o n s t a n t  o v e r  t h e  momentum r a n g e  a c c e p t e d , th e n  t h e  

nu m ber o f  r a y s  p r e s e n t  w i t h  a  g i v e n  momentum i n  t h a t  r a n g e  i s  

p r o p o r t i o n a l  t o  t h e  s h a p e  o f  t h e  l i n e ,  s o m e - t im e s  known a s  t h e  w in dow  

c u r v e ,  a t  t h a t  momentum. The m o st p r o b a b le  momentum i s  t h e  o n e  w h ic h  

s h o u ld  b e  u s e d  t o  r e p r e s e n t  t h e  momentum o f  th e  r a y s  b e in g  m e a s u re d .

I  c h o o s e  t o  u s e  t h e  c e n t r o i d  o f  t h e  p - l i n e s  t o  c a l i b r a t e  t h e  s p e c t r o m e t e r  

w hen m e a s u r in g  / 3 - s p e c tra  b e c a u s e  th e n  t h e r e  a r e  e q u a l  n u m b ers o f  

r a y s  w i t h  m om enta h i g h e r  a n d  lo w e r  th a n  th e  momentum o f  th e  c e n t r o id * .

The a c c u r a c y  w i t h  w h ic h  th e  c e n t r o i d  c o u ld  b e  d e te r m in e d  w as 1 : 3 0 0 .

When th e  e r r o r s  i n  m e a s u r in g  th e  unknown s p e c t r a  an d  t h e  e r r o r s

i n  c a l i b r a t i o n  w e r e  c o m b in e d , t h e  f i g u r e s  f o r  t h e  a c c u r a c y  o f  m e a s u re m e n ts

3  3o f  /’ - s p e c t r a  an d  i n t e r n a l  c o n v e r s i o n  s p e c t r a  w e re  3 s 1 0  an d  2 : 1 0  , 

r e s p e c t i v e l y .

B e s id e s  t h e s e  e r r o r s ,  t h e r e  i s  a  s t a t i s t i c a l  e r r o r  d u e  t o  th e  

c o u n t in g  o f  a  f i n i t e  nu m ber o f  p a r t i c l e s .  F o r  a  c o u n t  o f  N p a r t i c l e s ,  

t h e  e r r o r  i s  N , o r  a s  a  p e r c e n t a g e ,  1 /  - f  I t  w a s  p o s s i b l e  t o  k e e p  t h e  

s t a t i s t i c a l  e r r o r  f o r  th e  / 3 -s p e c tra  b e tw e e n  g/t a n d  ^  o v e r  m o st o f  th e  r a n g e  

o f  e n e r g i e s .  O n ly  a t  lo w  a n d  h ig h  e n e r g i e s ,  n e a r  t h e  e n d s  o f  t h e  

s p e c t r a  w h e re  t h e  c o u n t in g  r a t e s  wrere v e r y  lo w ,  w a s  t h i s  h o t  p o s s i b l e .

When t h e  r e s u l t s  w e re  p l o t t e d  i n  t h e  fo r m  o f  a  K u r i e - p l o t ,  a l th o u g h  

t h e  p o i n t s  w e r e  s c a t t e r e d  a b o u t  a  s t r a i g h t  l i n e ,  t h e  e r r o r  i n  th e  

momentum c a l c u l a t e d  f ro m  a  l e a s t  m ean s q u a r e s  f i t  w a s  s m a l l .  The 

f i n a l  v a l u e  f o r  t h e  en d  p o i n t  o f  t h e  / 3 -sp e c tru m  o f  Y -9 1  w as t h e  m ean o f  

s e v e r a l  d e t e r m i n a t io n s .
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It is necessary to measure the intensities of the (J-lines in

i n t e r n a l  c o n v e r s i o n  s p e c t r a  i n  o r d e r  t o  d e c id e  t o  w h ic h  t y p e  o f  

t r a n s i t i o n  e a c h  (3- r a y  b e lo n g s  .  E e c a u s e  t h e  C e - 1 4 4  s o u r c e  w a s  w e a k ,  

t h e  c o u n t in g  r a t e  w a s  lo w  a n d  t h e  e r r o r s  w e re  a s  l a r g e  a s  2  t o  J f j ,

To m e a s u re  t h e  i n t e n s i t i e s  o f  l i n e s  v e r y  c l o s e  t o g e t h e r ,  s u c h  a s  t h o s e  

a r i s i n g  fro m  c o n v e r s i o n  i n  t h e  L j. ,  L ^ ,  Lj Tj  s u b s h e l l s ,  l i t t l e  e r r o r  

w i l l  b e  i n t r o d u c e d  i f  t h e  h e i g h t s  o f  t h e  l i n e s  a r e  co m p a red  d i r e c t l y .  O n ly  

w hen t h e  w in d o w  o f  th e  G.M. tu b e  a b s o r b s  e l e c t r o n s  a n d  th e  e f f i c i e n c y  

o f  t h e  c o u n t e r  c h a n g e s  r a p i d l y  w i t h  e n e r g y  w i l l  t h i s  m eth o d  h a v e  t o  b e  

c o r r e c t e d .  F o r  l i n e s  w i t h  v e r y  d i f f e r e n t  m om enta, t h e  s p e c t r o m e t e r  

m u st b e  c a l i b r a t e d  t o  b e  a b le  t o  c o r r e c t  t h e  r e s u l t s  f o r  th e  a b s o r p t i o n  

o f  e l e c t r o n s  i n  t h e  w in d ow  o f  t h e  G.M. tu b e  a n d  p o s s i b l y  f o r  c h a n g e s  i n  

t h e  t r a n s m i s s i o n .  I  c a l i b r a t e d  th e  s p e c t r o m e t e r  f o r  t h i s  ch a n g e  i n  

e f f i c i e n c y  o f  d e t e c t i o n  b y  m e a s u r in g  t h e  i n t e n s i t i e s  o f  t h e  A - ,  B- 

an d  F -  l i n e s  f r o m  a  s o u r c e  o f  T h o riu m  a c t i v e  d e p o s i t  a n d  c o m p a rin g  

th em  w i t h  t h e  r e s u l t s  o b t a in e d  b y  F la m m e r s fe ld  ( 5 0 )  • The e r r o r s  

i n  t h e  m ea su rem en t o f  t h e  i n t e n s i t i e s  w a s  e s t im a t e d  t o  b e  1 0fo e x c e p t  

f o r  t h e  lo w  e n e r g y  l i n e  o f  C e - 1 4 4  a t  2 7  K eV  t h e  i n t e n s i t y  o f  w h ic h  w a s  

e s t im a t e d  t o  h a v e  a n  e r r o r  o f  2 5 %  b e c a u s e  i t  w a s  v e r y  c l o s e  t o  th e  

c u t - o f f  o f  th e  w in d o w  o f  t h e  G.M. tu b e *
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C h a p te r  I V .

The B e h a v io u r  o f  t h e  S p e c t r o m e t e r .

1 .  T he P e r fo rm a n c e  o f  t h e  S p e c t r o m e t e r .

The b e h a v io u r  o f  t h e  s p e c t r o m e t e r  h a s  b e e n  d e te r m in e d  u n d e r

a  v a r i e t y  o f  c o n d i t i o n s ,  a n d  t h e s e  r e s u l t s  a r e  s u p p le m e n ta ry  t o

( 2 3 )
t h o s e  o f  B a r r y  .  The b e h a v io u r  w i l l  b e  d e s c r i b e d  i n  te r m s  o f  th e

t h r e e  c r i t e r i a ,  d e f i n e d  i n  C h a p te r  I ,  an d  t r a n s m i s s i o n ,  lu m i n o s i t y

an d  r e s o l u t i o n  ( e q ’ n s  ( 1 . 2 ) ,  ( i . 3 ) an d  ( 1 . 7 ) ) .

The r e s o l u t i o n  i s  d e f i n e d  a s  t h e  r a t i o  R = ^  ( 4 . 1 )
o r  '  'o

w h e re  b r  i s  t h e  im ag e  w id t h  a n d  r Q t h e  mean r a d i u s .  S in c e  th e  

m ean r a d i u s  w a s  c o n s t a n t  i n  th e  s p e c t r o m e t e r  a n d  t h e  f i e l d ,  w a s  

v a r i e d ,  th e  r a t i o  o f  t h e  c h a n g e  i n  f i e l d , t o  t h e  f i e l d  B w a s  o f  

m ore i n t e r e s t .  T h is  r a t i o  “ ■ i s  r e l a t e d  t o  th e  r a t i o  ~  b y  t h e  

fo r m u la  f o r  t h e  d i s p e r s i o n ,  e q u a t io n  ( 1 . 8 ) ,

b  B  

8
U- b - r

h e n c e  f r o m  ( 1 . 7 ) ,

b  B _  j  -»K Ul l î ü J - Î '
6 T. 4.» T.1 1

+ 1 U »».-fel ^

” 3  ( 4 . 2 )
+ h i g h e r  o r d e r  t e r m s .

The a n g le s  4  > ' f  j ■*'” a n d  t h e  d i r e c t i o n s  f  a n d  % a r e  show n i n  f i g .  4 « 1  • 

I n  t h i s  s p e c t r o m e t e r ,  ««^ = g ,  t h e r e f o r e ,

a ■i’ o 96 T .1 a T
( 4 . 3 )

The r e s o l u t i o n  i s  th u s  in d e p e n d e n t  o f  t h e  r a d i a l  a n g le  o f
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F IG . 4.1 The D e f i n i t i o n  o f  t h e  C o o r d in a t e  S y s te m  u s e d .



e m is s io n  4 ,  h e n c e  t h e  r a d i a l  a p e r tu re « .

T h is  v a l u e  o f  t h e  r e s o l u t i o n  i s  t h e  b a s e  r e s o l u t i o n ,  t h a t  i s ,  

th e  t o t a l  w id t h  o f  th e  im a g e  d i v i d e d  b y  i t s  momentum. I n  p r a c t i c e ,  

i t  i s  v e r y  d i f f i c u l t  t o  m e a s u re  t h e  b a s e  r e s o l u t i o n  a c c u r a t e l y  

b e c a u s e  a l t h o u g h  th e  h ig h  e n e r g y  e d g e  i s  w e l l  d e f i n e d ,  th e  lo w  

e n e r g y  ed g e  o f  th e  l i n e  t r a i l s  aw ay an d  a p p r o a c h e s  t h e  b a c k g ro u n d  

c o u n t in g  r a t e  a s s y m p t o t i c a l l y .  The r e s o l u t i o n  u s u a l l y  q u o te d  i s  t h e  

h a l f - h e i g h t  r e s o l u t i o n  w h ic h  i s  d e f i n e d  a s  th e  w id t h  o f  t h e  im ag e  a t  

h a l f  t h e  p e a k  h e ig h t  o f  th e  l i n e  d i v i d e d  b y  i t s  momentum. T h is  i s  

w e l l  d e f i n e d  an d  i s  a lw a y s  l e s s  th a n  th e  b a s e  r e s o l u t i o n .  The 

h a l f - h e i g h t  r e s o l u t i o n s  m e a su re d  e x p e r i m e n t a l l y  w i l l  b e  co m p a red  

w i t h  t h e  c a l c u l a t e d  v a lu e  f o r  t h e  b a s e  r e s o l u t i o n .

The e x p e r im e n t a l  d a t a  on t h e  p e r fo r m a n c e  o f  th e  s p e c t r o m e t e r  

w a s o b t a in e d  w i t h  s o u r c e s  o f  th o r iu m  a c t i v e  d e p o s i t  a n d  a l s o  w i t h  

a  s o u r c e  o f  Y -9 1  • The d a t a  i s  su m m a rised  i n  t a b l e s  4 * 1  t o  4 * 5  an d  

i s  i l l u s t r a t e d  b y  f i g s .  4 * 2  t o  4 . 7 «

T a b le  4 * 1  i s  a  sum m ary o f  th e  f i r s t  e x t e n s i v e  m e a su re m e n ts  made 

w i t h  t h e  s p e c t r o m e t e r .  The m o st p ro m in e n t  i n t e r n a l  c o n v e r s i o n  

l i n e s  o f  a  T h o riu m  a c t i v e  d e p o s i t  w e re  m e a s u re d  t o  d e te r m in e  how  th e  

r e s o l u t i o n  d e p e n d e d  on t h e  om entum . ' The s p e c t r o m e t e r  h a d  b e e n  s e t  

on B ra n c h  I  o f  a  3 0  amp. h y s t e r e s i s  c y c l e .  C o lum ns 1 a n d  2  g i v e  t h e  

name o f  th e  l i n e  ( f o l l o w i n g  E l l i s ' s  n o t a t i o n  ( 5 1 ) )  a n a  i t s  momentum. 

Colum n 3 sh ow s t h e  m e a su re d  o u t p u t  o f  th e  s p in n in g  c o i l  an d  co lu m n  

4  t h e  r a t i o  o f  t h e  o u tp u t  t o  t h e  momentum. The r e s o l u t i o n  i s  g i v e n



S p e c t r o m e t e r  s e t  on B ra n c h  I  o f  a  3 0  Amp* H y s t e r e s i s  C y c le .  
S o u r c e : -  1 cm. x  1 c m .;  S l i t  Y / id th :-  1 c m .;  T r a n s m i s s i o n : -  1 .4 7 %  

P r e d i c t e d  "base l i n e  w i d t h : -  2 .2 5 % »

L in e Momentum  
B <> ( G a u s s . -  cm .)

, S p in n e r  O u tp u t o f  
th e  c e n t r o i d  ( v o l t s ) .

S p in n e r  O u tp u t R e s o l u t i o n  a t  
h a l f - h e i g h t  (%)

R e l a t i v e  h e i g h t  x  r e s .
B<> a r e a .

A 5 3 4 . 2 0 . 1 2 2 1 2 . 2 8 6  x  10 ~ 2f 1 . 4 1 . 0 1

B 6 5 2 . 4 0 . 1 4 9 6 2 . 2 9 2  .. 1 . 6 0 . 8 9

E 1 , 1 1 0 0 . 2 5 5 4 2 . 3 0 9  .. 1 . 0 1 . 0 0

F 1 , 3 8 8 . 4 0 . 3 2 0 2 2 . 3 0 6  „ 0 . 9 1 .0 1

H 1 , 6 9 7 0 . 3 9 1 6 2 . 3 0 8  . 0 . 8 0.90

I  + l a 1 , 7 5 3 . 9 0 . 4 0 4 4 2.306  . 0 . 8 0 . 9 1

L 2 , 6 0 7 . 2 0 . 6 0 3 0 2 . 3 1 3  . 0 . 7 0 . 9 9

M 2 , 8 9 1 ' 0 . 6 6 7 5 2 . 3 0 9  . 0 . 7 0 .9 1

TABLE 4 « 1 .  R e s o lu t i o n  a n d  C e n t r o id  R e a d in g s  o f  a  ThB S o u r c e  f o r  H ig h  T r a n s m is s io n s



i n  co lu m n  5  a n d  I n  co lu m n  6  t h e  r a t i o  o f  t h e  a r e a  o f  a  l i n e  t o  th e  

p r o d u c t  o f  i t s  h e ig h t  an d  h a l f - w i d t h .

The r e s o l u t i o n  w a s  n o t  c o n s t a n t ,  h u t  d e c r e a s e d  w i t h  i n c r e a s i n g  

momentum. F o r  h ig h  m om enta, t h e  r e s o l u t i o n  w a s  a b o u t  o n e  t h i r d  o f  

t h e  c a l c u l a t e d  v a l u e  f o r  th e  b a s e  r e s o l u t i o n  b u t  a t  lo w  m om enta, th e  

h a l f - h e i g h t  r e s o l u t i o n  w a s  o n ly  t w o - t h i r d s  th e  v a l u e  o f  th e  b a s e  

r e s o l u t i o n .  T h e re  a r e  t h r e e  p o s s i b l e  e x p l a n a t i o n s ,  ( l )  t h a t  th e  

b r o a d e n in g  w a s  c a u s e d  b y  t h e  n a t u r a l  w id t h  o f  t h e  l i n e s ,  ( 2 ) t h a t  

th e  s o u r c e  w a s  t h i c k  a n d  r a y s  l e a v i n g  i t  w e re  d e g ra d e d  an d  ( 3 ) 

t h a t  th e  b r o a d e n in g  w a s  d u e t o  a b e r r a t i o n s  w h ic h  w e re  d e p e n d e n t  on  

t h e  s t r e n g t h  o f  t h e  f i e l d .

The n a t u r a l  l i n e  w id t h  o f  t h e  F - ,  I -  a n d  L - l i n e s  o f  T h o riu m

a c t i v e  d e p o s i t  h a v e  b e e n  m e a s u re d  an d  w e re  fo u n d  t o  b e  l e s s  th a n

«•'(52^0 . 1 p jv' ' .  A l lo w in g  f o r  th e  lo w e r  e n e r g y  o f  t h e  B - l i n e ,  i t s  n a t u r a l

w id t h  s h o u ld  n o t  b e  mo e  th a n  0.3/5» T h is  i s  n o t  en o u g h  t o  a c c o u n t

f o r  t h e  o b s e r v e d  d i f f e r e n c e  b e tw e e n  th e  r e s o l u t i o n s  o f  t h e  B -  an d  L -

l i n e s .  The s o u r c e s  w e re  a lw a y s  f r e s h l y  p r e p a r e d  a n d  w e re  i n v i s i b l e

t o  t h e  e y e  ; n a r ro w  s o u r c e s  s i m i l a r l y  p r e p a r e d  f o r  h ig h  r e s o l u t i o n

g a v e  r e s o l u t i o n s  f ro m  0 . 1  t o  0 .2 / 5 , c f .  t a b l e  4 » 3 *  I t  i s  t h e r e f o r e

u n l i k e l y  t h a t  t h e  b r o a d e n in g  w a s  c a u s e d  b y  s o u r c e  t h i c k n e s s .

The t h i r d  p o s s i b l e  c a u s e  i s  t h a t  t h e  a b e r r a t i o n s  i n  th e

s p e c t r o m e t e r  d e p e n d  on  t h e  f i e l d  s t r e n g t h .  I n  C h a p te r  I I ,  t h e

p o s s i b i l i t y  o f  a n  i n t e r a c t i o n  b e tw e e n  t h e  f i e l d  du e t o  t h e  i r o n  

-r
p o l e s  a n d  th e  R in g in g  f i e l d  du e t o  t h e  e x c i t i n g  c o i l s  v/as d i s c u s s e d .
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I t  w a s  c o n c lu d e d  t h a t  a  ch a n g e  i n  t h e  f i e l d  sh a p e  may o c c u r  an d  

t h a t  a s  t h e  f i e l d  s t r e n g t h  i n c r e a s e d ,  t h e  sh a p e  s h o u ld  becom e  

c o n s t a n t .  I f  th e  f i e l d  sh a p e  a l t e r s ,  t h e  a b e r r a t i o n s  w i l l  a l t e r  

a n d  h e n c e  th e  r e s o l u t i o n  a l s o .  The r e s o l u t i o n  s h o u ld  t h e r e f o r e  

c h a n g e  i n  s u c h  a  w ay t h a t  i t  b eco m es c o n s t a n t  a t  h ig h  f i e l d s ,  

w h ic h  a s  w h a t h a p p en ed *

I n  co lu m n s  3 a n d  4 j  th e  v a l u e  o f  th e  o u tp u t  o f  t h e  s p in n in g  

c o i l  q u o te d  w a s  th e  v a l u e  c o r r e s p o n d in g  t o  t h e  c e n t r o i d ¡ o f  t h e  

l i n e  m e a s u re d . I t  c a n  b e  s e e n  f ro m  co lu m n  4  t h a t  t h e  o u tp u t  o f  

th e  s p in n in g  c o i l  w a s  n o t  s t r i c t l y  p r o p o r t i o n a l  t o  t h e  momentum.

S in c e  t h e  r e s o l u t i o n  w a s  n o t  c o n s t a n t ,  t h e  w a y  i n  w h ic h  th e  

a b e r r a t i o n s  a l t e r e d  c o u ld  h a v e  e f f e c t e d  th e  v a l u e  o f  t h e  c e n t r o i d .

T h e re  i s  t h u s  no  r e a s o n  w hy t h e  o u tp u t  o f  th e  s p in n in g  c o i l  s h o u ld  

b e  p r o p o r t i o n a l  t o  t h e  momentum i f  t h e  sh a p e  o f  t h e  f i e l d  c h a n  e s .

The r a t i o  i n  co lu m n  6 i s  a  c o m p a r is o n  b e tw e e n  tw o  m eth o d s  

u s e d  t o  m e a s u re  t h e  a r e a  (a n d  h e n c e  th e  i n t e n s i t y )  o f  s l i n e .

The a r e a s  o f  a  l i n e ,  m e a s u re d  b y  tw o  m eth o d s  w e re  co m p a red  b y  

t a k i n g  t h e i r  r a t i o .  The r a t i o s  f o r  d i f f e r e n t  l i n e s  -were co m p a red  

b y  n o r m a l i z in g  th em  t o  t h e  r a t i o  f o r  th e  E - l i n e ,  T h is  l i n e  w a s  

c h o s e n  b e c a u s e  i t  w as m e a s u re d  i n  m o st o f  t h e  r u n s  w h e r e a s  t h e  s t r o n g e r

F - l i n e  w a s  so m e tim e s  t o o  s t r o n g  t o  m e a s u re .  B e c a u s e  o f  ¡ s c a t t e r  and  

a b e r r a t i o n s ,  t h e r e  i s  a  lo w  e n e r g y  t a i l  t o  a  y 5 - l in e  w h ia h  i s  i l l -  

d e f i n e d  an d  t h e r e f o r e  d i f f i c u l t  t o  m e a s u re . S in c e  b o t h  th e  h a l f - w i d t h  

and t h e  h e ig h t  o f  a  l i n e  a r e  w e l l  d e f i n e d ,  t h e i r  p r o d u c t  s h o u ld  b e  

a  m e a s u re  o f  t h e  i n t e n s i t y  p r o v id e d  t h a t  t h e  l i n e  p r o f i l e  d o e s  n o t
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Spectrometer set on Branch I of a 30 Amp. Hysteresis Cycle 
Source:- 1 mm. x 1 cm. high; Slit:- 2 mm.; Transmission:-1.47$ 

Predicted base line width 1»23%»

Line Momentum B 
(Gauss - cm.)

Resolution 
half-height (%)

B 652.4 0.84 %

E 1,110 0.56 %

P 1,388.4 0.50 %

L 2,607.2 0.30 %

M 2,891 0.35 %

X 9,986.1 0.17 %

TABLE 4.3. Resolution of a Narrow Source for High Transmissions,
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a l t e r .  The p r o d u c t s  f o r  th e  l i n e s  m e a s u re d , w e r e  e v a l u a t e d  t o  s e e  

w h e t h e r  t h e y  w e re  s t i l l  a  m e a su re  o f  th e  i n t e n s i t y  o f  t h e  l i n e s .

T h e se  v a l u e s  w e re  co m p a red  w i t h  t h e  a r e a s  o f  th e  sam e l i n e s  m e a su re d  

w i t h  a  p l a n i m e t e r .  The r e s u l t s  show  t h a t  t h e  a r e a s  o f  th e  l i n e s  

m e a s u re d  b y  t h e  tw o  m e th o d s  a g r e e  t o  1 0fo, s o  t h e  i n t e n s i t i e s  o f  

p - l i n e s  w e re  m e a s u re d  b y  c a l c u l a t i n g  th e  a r e a s  f r o m  t h e i r  h e i g h t s  an d  

h a l f 1- w i d t h s .

T a b le  4 * 2  g i v e s  t h e  r e s u l t s  o f  m e a su re m e n ts  made w i t h  a  lo w  

t r a n s m is s i o n  an d  t a b l e  4 « 3  t h e  r e s u l t s  o f  m e a s u re m e n ts  made w i t h  

a  n a r ro w  s o u r c e  a n d  h ig h  t r a n s m i s s i o n .  The r e s o l u t i o n s  i n  t a b l e  4 * 2  

a r e  s i m i l a r  t o  t h o s e  i n  t a b l e  ¿¡-. 1 ,  w h e r e a s  t h e  b a s e  r e s o l u t i o n  h a s  

b e e n  r e d u c e d  b y  t w o - f i f t h s .  The f a c t  t h a t  t h e r e  h a s  b e e n  no  

d e c r e a s e  i n  t h e  r e s o l u t i o n  may h a v e  b e e n  du e t o  t h e  ch a n g e  i n  a b e r r a t i o n s  

c a u s e d  b y  a  c h a n g e  i n  f i e l d  s h a p e .  The r e s o l u t i o n  i s  much im p ro v e d  

i n  t a b l e  4 * 3 ,  b u t  a g a i n ,  t h e r e  i s  a n  i n c r e a s e  i n  t h e  r e s o l u t i o n  

a t  lo w  m om enta c o m p a ra b le  w i t h  t h e  i n c r e a s e s  show n i n  t a b l e s  4*"1 

a n d  4 . 2 .

W hen s u f f i c i e n t  d a t a  h a d  b e e n  o b t a in e d ,  t h e  m ean v a l u e s  f o r  

th e  r a t i o s  o f  t h e  o u t p u t s  o f  t h e  s p in n in g  c o i l  t o  th e  m om enta w e re  

c a l c u l a t e d  a n d  h a v e  b e e n  p l o t t e d  a g a i n s t  th e  momentum i n  f i g .  4 * 4 »

P rom  t h i s  c u r v e ,  t h e  t r u e  momentum f o r  a n y  v a lu e  o f  t h e  o u tp u t  

c o u ld  b e  d e te r m in e d .

B e c a u s e  t h e s e  r e s u l t s  i n d i c a t e d  t h a t  t h e  sh a p e  o f  t h e  f i e l d  

w as d e p e n d e n t  u p on  i t s  s t r e n g t h ,  I  d e c id e d  t o  s e t  t h e  f i e l d  i n  a



S o u r c e  : -  1 cm . x  1 cm . ; S l i t  : 
T r a n s m i s s io n : -  1 .47/ ^

-  1 cm . w id e ;

S p e c t r o m e t e r  s e t  on  B ra n c h  I  
o f  a  3 0  Amp. H y s t e r e s i s  C y c le .

I

S p e c t r o m e t e r  s e t  u s in g  th e  
I n i t i a l  M a g n e t iz a t io n  C u rv e

L in e M om entini B o  
( G a u s s - 

cm)
S p in n e r

O u tp u t
( v o l t s )

S p in n e r  O u tp u t  
Momentum  

( v o l t s /  G a u s s - cm)

R e s o l u t i o n  a t  
h a l f - h e i g h t  ( f )

1
S p in n e r

O u tp u t
( v o l t s )

S p in n e r  O u tp u t  
Momentum  

( v o 1 t§ / C a u s s - cm)

R e s o lu t i o n  a t  
h a l f - h e i g h t  ( f )

B 6 5 2 . 4 0 . 1 4 8 6 2 . 2 7 8  x  1 0 “ 4 1 . 4 7  f 0 . 1 5 0 9 2 . 3 1 3  x  1 0 " 1*- 1 . 1 9  f

E 1 , 1 1 0 0 . 2 5 4 7 2 . 2 9 5  x  1 0 ' 4 1 . 1 3  % 0 . 2 5 6 7 2 . 3 1 3  x  1 0 " 2i- 1 . 0 2  f

a 1 , 5 9 6 0 . 3 6 8 5 2 . 3 0 9  x  1 0 " 4 0 . 9 1  % 0 .3 6 9 1 2 . 3 1 3  x  10 ~ 4 0 . 8 9  %

L 2 , 607.2 0 . 5 9 9 6 2 . 3 0 9  x  1 0 " ^ 0 . 7 8  f , 0 . 6 0 2 9 2 . 3 1 3  x  1 0 ”2,_ 0 . 7 3  f

TABLE 4 » 4 *  B e h a v io u r  o f  t h e  S p e c t r o m e t e r on t h e  S e t t i n g  o f  t h e  F i e l d .
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d i f f e r e n t  w ay t o  s e e  w h a t e f f e c t  t h e  s e t t i n g  o f  t h e  f i e l d  h a d  on  

t h e  p e r fo r m a n c e  o f  th e  s p e c t r o m e t e r .  H ed g ran  e t  a l .  ( 1 1 )  an d  

S t o k e r  e t  a l .  ( 1 8 )  u s in g  s i m i l a r  s p e c t r o m e t e r s  b o t h  usec| th e  

i n i t i a l  m a g n e t iz a t io n  c u r v e  s o  I  d e c id e d  t o  t r y  t h e  sam e m e th o d . 

H a vin g  c a r e f u l l y  d e - m a g n e t iz e d  t h e  m a g n e t, a  f r e s h  s o u r c e  o f  T h o riu m  

a c t i v e  d e p o s i t  w a s  p la c e d  i n  t h e  s p e c t r o m e t e r  an d  t h e  B - ,  E -  an d  L -  

l i n e s  w e re  m e a s u re d  i n  t h  t  o r d e r  ( t h a t  o f  a s c e n d in g  f i e l d  s t r e n g t h ) .  

The s p e c t r o m e t e r  w a s  th e n  d e - m a g n e t iz e d  a g a in  a n d  a  3 0  amp h y s t e r e s i s  

c y c l e  w a s  e s t a b l i s h e d .  The same l i n e s  w e re  m e a s u re d  usiJng t h e  same 

s o u r c e  so  t h a t  a  d i r e c t  c o n p a r i s o n  c o u ld  b e  made b e tw een ! t h e  tw o  

s e t s  o f  r e s u l t s .  The r e s u l t s  o f  t h i s  e x p e r im e n t  a r e  set| o u t  i n  t a b l e  

4 * 4  a n d  th e  l i n e s  a r e  show n i n  f i g s .  4*&- a n d  4*V>

A lth o u g h  t h e  r e s o l u t i o n  w as o n l y  s l i g h t l y  b e t t e r  w hen th e  

s p e c t r o m e t e r  w a s  u s e d  on t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e ,  t h e  o u tp u t  

o f  t h e  s p in n in g  c o i l  w a s  p r o p o r t i o n a l  t o  t h e  momentum. When t h e  

s p e c t r o m e t e r  w a s  s e t  o n  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e ,  t h e r e  w as  

s t i l l  a  b r o a d e n in g  o f  t h e  B -  a n d  E -  l i n e s  co m p a red  w i t h  t h e  L -  l i n e ,  

i n d i c a t i n g  t h a t  t h e  f i e l d  sh a p e  s t i l l  a l t e r e d  b u t  t o  a  l e s s e r  e x t e n t  

t h a n  w h en  B ra n c h  1 o f  a  h y s t e r e s i s  c y c l e  w a s  u s e d .

Some m e a su re m e n ts  sh o w in g  t h e  b e h a v io u r  o f  th e  s p e c t r o m e t e r  

o p e r a t e d  a t  h ig h  r e s o l u t i o n ,  a r e  g i v e n  i n  t a b l e  4 * 5  an d  th e  l i n e  

p r o f i l e s  o f  t h e  B -  an d  F -  l i n e s  o b t a in e d  w hen t h e  s p e c t r o m e t e r  w as  

s e t  on th e  i n i t i a l  m a g n e t iz a t io n  c u r v e  shown i n  f i g s .  4 - 5  an d  4* ' • 

O nce a g a in  t h e r e  i s  a  b r o a d e n in g  o f  th e  l i n e s  a t  lo w  m om enta. The
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S p e c t r o m e t e r  s o t  on  B ra n c h  I  o f  a  3 0  Amp. H y s t e r e s i s  C y c le .  
S o u r c e : -  1 mm. x  1 cm. h i g h ;  S l i t : -  1 mm. w id e ;  T r a n s m i s s io n : -  C.l/'o. 

P r e d i c t e d  B a s e  R e s o l u t i o n : -  0 . 2 $ .

L in e I.'omentum B p  

( l a u s  s  -era . )
R e s o lu t i o n  a t  

h a l f - h e i g h t  (/£)

B 6 5 2 .  if 0 . 2 1  %

P i , 3 8 8 . 4 0 . 1  Jfo

I 1 , 7 5 3 . 9 0 . 1  1 $

L ’ 2 , 6 0 7 . 2 0 . 1 1  fo

TABLE if« 5 »  ' - . s o l u t i o n  o f  a  H a rro w  S o u rc e  o f  ThC w i t h  Low "’r a n s m i s s l c n
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d i f f e r e n c e  i n  t h e  r e s o l u t i o n s  o b t a in e d  w hen t h e  f i e l d  w a s  s e t  o n  

t h e  i n i t i a l  magn. t i z a t i o n  c u r v e  an d  w hen i t  w as s e t  on  B ra n c h  I  o f  

a  h y s t e r e s i s  c y c l e  may b e  e x p la in e d  i f  t h e  f i e l d  s h a p e  c h a n g e s .

I f  t h e  f i e l d  s h a p e  c h a n g e s ,  t h e r e  w i l l  b e  a s t ig m a t i s m  i n  t h e  im age  

an d  t h e  f o c u s  w i l l  a l t e r  c a u s in g  th e  r e s o l u t i o n  t o  a l t e r  a l s o .  I f  

t h e  f i e l d  sh a p e  i s  n o t  t h e  same w hen th e  f i e l d  i s  s e t  b y  d i f f e r e n t  

m e th o d s  th e  r e s o l u t i o n s  o f  t h e  sam e l i n e s  w i l l  b e  d i f f e r e n t .  T h u s , 

d e p e n d in g  on th e  p o s i t i o n  o f  t h e  f o c a l  p l a n e ,  th e  c h a n g e s  i n  r e s o l u t i o n  

u s i n g  d i f f e r e n t  m eth o d s  t o  s e t  t h e  f i e l d  may b e  e n t i r e l y  d i f f e r e n t .

B e r g k v i s t  ( 5 3 )  su  g e s t e d  t h a t  i f  th e  f i e l d  sh a p e  a l t e r e d ,  th e  

t r a n s m is s i o n  s h o u ld  a l t e r ,  so  t h a t ,  i f  th e  f i e l d  w e re  to, b e  s e t  

b y  d i f f e r e n t  m eth o d s  th e  c o u n t in g  r a . t e s  s h o u ld  d e p e n d  u p on  th e  w ay  

i n  w h ic h  t h e  f i e l d  w a s  s e t .  U s in g  a  s o u r c e  o f  Y - 9 1 , th e  f i e l d  w a s  , 

s e t  u s in g  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e  an d  a l s o  u s in g ! B ra n c h  I  

o f  a  3 0  sasp h y s t e r e s i s  c y c l e .  A s m a l l  d i f f e r e n c e  i n  t h e  c o u n t in g  

r a t e s  w a s  o b s e r v e d  a t  e n e r g i e s  b e lo w  1 6 0  K eV . The lo w  e n e r g y  e n d s  

o f  th e  K u r i e  p l o t s  o f  tw o  s u c h  r u n s  a r e  show n i n  f i g .  4 » 7 *  S in c e  

b e lo w  2 0 0  K e V  t h e  w in dow  o f  t h e  c o u n t e r  tu b e  a b s o r b e d  some o f  th e  

/ S - ra y s ,  a  c o r r e c t i o n  w o u ld  h a v e  t o  b e  made t o  th e  s p e c tru m  b e lo w  

t h i s  e n e r g y .  The c o r r e c t i o n  f o r  t h e  c h a n g e  i n  t r a n s m i s s i o n  c o u ld  

th e n  b e  i n c lu d e d  w i t h  t h e  c o r r e c t i o n  f o r  t h e  a b s o r p t i o n  :Ln t h e  w in dow  

i n  a  s i n g l e  c o r r e c t i o n  f a c t o r  w h ic h  w o u ld  h a v e  t o  b e  d e te r m in e d  

e x p e r i m e n t a l l y .

2 .  The C hange i n  t h e  F i e l d  S h a p e .

The c o n s e q u e n c e s  o f  a  c h a n g e  i n  f i e l d  sh a p e  w e re  d i s c u s s e d
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by Bergkvist in a recent paper This paper although mainly

t h e o r e t i c a l  c o n c lu d e d  w i t h  some r e s u l t s  v e r i f y i n g  a  c h a n  e i n  th e  

f i e l d  s h a p e  i n  t h e  s p e c t r o m e t e r  a t  U p p s a la .  He s t a r t e d  Iw ith  some 

e q u a t io n s  g i v e n  i n  a  p a p e r  b y  S v a r t h o lm  ( 16 ) b u t  e n d e d  W ith  a  

v e r y  c o m p l ic a t e d  e x p r e s s i o n  f o r  th e  ch a n g e  i n ' f i e l d  s i apje. 

m e a s u re  th e  c h a n g e  i n  f i e l d  s h a p e ,  h e  d e r i v e d  an  e x p r e s s i o n  f o r  

th e  d i s p e r s i o n  a n d  a n o t h e r  f o r  t h e  d e p e n d e n c e  o f  t h e  im ag e  p o s i t i o n  

tiange l « , ,  i n '  t h e  p a r a  ,

o l v e d  f o r  H » T he d ep e

c a n n o t  b e  d e r i v e d  w i t h o u t  d e v e lo p in g  f u r t h e r  t h e  o r i g i n a l  e q u a t io n s

.

I  a t t e m p ted  t o  d e r i v e a  s im p le r  fo r m u la  f o r  th e c h a i

b u t  a r r i v e d a t  th e  e x p r e s s io n  f o r  t h e  d i s p e r s i o n  exc;e p t  i y ? t  i

d i s a g r e e d  wi t h  B e r g k v i s t * s e x p r e s s i o n  o v e r  th e  s ig n o f  a s m a l l

o r d e r  t e r m . H o llo w in g  t h e n o t a t i o n  o f  S v a r t h o l u  e x c e p t  i ’o r  a

ch a n g e  fro m w a s  t h e  n o ta M o n  u s e  i  b y B e r J v i s t

t o  d e s c r i b e t h e  ch a n g e  i n •nil -f ILi-JL.3. J.

d i s p e r s i o n i s  : -

3*  =  * C -fc (' T -h  »  * * £ * ( > - Oi
,  ̂

• J

Q ..a^e d is p l'-c e m e A*
' -|T Û « ±" x-)_ i n  t h e  o

momentum, !+*■<, j c o s  9 n In  t h e

n v i  , -i,

B e r g k v i s t  o b t a in e d  

b e l i e v e  t h a t  t h i s  c

f t , i n  C h a p te r I  and  p a r t  I  o f

2Xr f o r  t h e  l a s t term  i n  t h i s  e ; .

i f f e r ■e: ee„ w h ic h  w:I l l  ch a n  e t h e  d:



less than Z 1  > arises from a cliff enee in Lch small

o r d e r  te r m s  w e r e  n e g l e c t e d .  F o r  d o u b le  

£•< 0 t ’ :t.

■ i  <

$ *  -  s  U f i r '  
' i

Tf  £ 0 l s  s i i j a i j . 4-Vp eg-pp eTTYTeS^iOln „  ( a p \> \ 1 m v j •

E qua t i t 1 >Ja  VH-* . / w a s  t h e  b a s i s o n  w h ic h  an  e x p e r im e n t 1 W S  s

d e s ig n e d  t o m e a su re th e  ch a n g e  i n th e  f i e l d  sh a p e  o f  th e sp e c  xroraex

I n  o r d e r  t o c orap are t h e  r e s u l t s  w i.th  t h o s e  o b t a in e d  b y  f t p r g k v i s t ,

t h e  c h a n g e s i n  th e f i e l d  sh a p e  w e r■e  El s o  c a l c u l a t e d  b y  h: i e t  h o d .

He r e l a t e d  t h e  d i f f e r e n c e  i n  t h e  f i e l d  r e q u i r e d  t o  f o c u s  r a y s  t a k i n g  

d i f f e r e n t  p a t h s  i n  th e  s p e c t r o m e t e r  t o  t h e  d i s p la c e m e n t  i n  t h e  im ag e  

¡ o s i t i o n s  du e t o  t h e  ch a n g e  i n  t h e  s h a p e  o f  th e  f i e l d .  T h is  ch a n g e

i s  g i v e n  b y  t h e  f o r m u l a : —

(,) _ IT [ i -  i L l
3 1 nTK? SX , *• K  -1

.— V X

/ : r \

io i s  t h e  d i s p la c e m e n t  o f  th e  inxh e  i mage i n  t]lie fo t . n __, _ • To

i s n e c e s s a r y ou t e  ^  t o ?  '

th e d i s p e r s i c i a and th e  im age d is p ia c e rn e

a n g l e s  o f  em i s s i o n o f  t h e  raj|-s t a k i n gi t  i s  n e c e s s a r y  t o  know t  

d i f f e r e n t  p a t h s  i n  th e  s p e c t r o m e t e r .  T h e se  w e re  c a l c u l a t e d  u s in g

. o u a t i o n : ■

$ -
' K

Si. J v  -t- 1 J 5 L ?  ( l -  i „
0 . . 7 )

U» 9  / j ,  \ / v
TX; (at )(
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O3 Q* I '

F IG . 4 .8
The T h re e  P o s i t i o n s  o f  t h e  A p e r t u r e  u s e d  i n  t h e  

M e a su re m e n ts  o n  t h e  C h a n g e s  i n  F i e l d  S h a p e .



« i n  1 . s  t h e  a n g l e  b e t w e e n ;  1 3  . _  ,̂ 1 -  4 -  1
o j ‘ . d

s . r .  ji. . •  / »  j L i .  _ 4 -  • *  . . . . . .  _  4 »  L t . .  j . j

t o  t h e  m e a n  r a d i u s . B y  s u b s t i t u t i n g  f o r 5 “*1 j  -ft- •> * " " " » > •

. q u a d  a  t i c  e  c p j  e s s i c ' j  u » S ' s  o h t o i r e d .

¿ f c v i s t * : o d  m e a s u r e s  t h e  w e a r v a l u e  o f  t h e  c h a n g e

r e j e c t e d  a n d  c h o s e n t r a j e c t o r y  w h e r e a s  b y j j V T r

m e t h o d ,  b o t h  t h e  m e a n v a l u e  a n d  t h e  a c t u s 1  v a l u e  o f  t h e  c h o c  0 c a n

o e  ¡ . m e a s u r e d  f o r  a n y  c : h o s e n  t i ' a ^ e c t o n y * X .  ^  c >  O  T .  1  - | - Q g a i n

m u c h  m o r e  i n f o r m â t ’ 5  o r b y  m y  m e t h o d  t h a n  b t l  a t  o f  B e r g k v i s t * n r » -  „  e  _

m e  t r i e d  s  a r e  n o t  t i . e  c n l y  r n e t h o  3  s  u s  1 J : l i i e i  s u r e  t h e  c h a n g e  i n f i e l d

s h a p e ,  t h e y  o r e  c o r n p l r A 11)C*f>A V -  P . c , r ’ T ^  V r - i O1 • - u o C U  -J - o X X  X I  £ it 1 J. v m e a s u r e d

changes in the astigmatism of the spectrometer.

the spectrometer,, for the mean radius a 

trajectories in the plane of svmmetrv. fc 

measure the dispersion, a narrow source < 

.wide by 1 cm, long was used to give r 

slit - slit widths 1 mm, separation $ ran. ■ 

plane and the change in field strength rc 

each slit in turn w a s  measured. Kho\ ing

1 ’or the two extreme

z  c . b  -

of Thorium active deposit 

good resolution. A double 

- was placed in the focal 

o paired tc focus a line at 

A* and &B( *» being constant)

Whe h a d  1 ig th ,

(4.4), this value was substituted back in equation (4.4; to evaluate 

' ’’fo :t field st cngt' .
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The s o u r c e s  c o u ld  n o t  b e  p o s i t i o n e d  w i t h  s u f f i c i e n t  a c c u r a c y  

t o  m ake m e a s u re m e n ts  on  t h e  p o s i t i o n  o f  t h e  im age on  s u c c e s s i v e  r u n s  

s o  t h e  f o l l o w i n g  m eth od  w a s  a d o p te d  t o  m e a s u re  th e  im age p o s i t i o n s  

f r o m  on e s o u r c e  u s in g  th e  t h r e e  d i f f e r e n t  t r a j e c t o r i e s .  The 

t r a j e c t o r i e s  w e re  d e f i n e d  b y  s h u t t e r ,  , w h ic h  w a s  s to p p e d  down b y  

tw o  a lu m in iu m  s h e e t s  c h o s e n  t o  give a  r a d i a l  w id t h  o f  2  cm s. T h ese  

s h e e t s  w e re  p la c e d  i n  a  g r o o v e  b e h in d  t h e  s h u t t e r s  d e f i r l i n g  th e  

v e r t i c a l  h e i g h t  an d  c o u ld  b e  m oved a c r o s s  t h e  s h u t t e r  b y  tw o  s t r i n g s  

a t t a c h e d  t o  a  r o d  s l i d i n g  th ro u g h  a  W i ls o n  s e a l  i n  w in d o w  3 •  The 

p o s i t i o n  o f  t h e  a p e r t u r e  c o u ld  th u s  b e  c o n t r o l l e d  a n d  wa{s s e t  a t  

p o s i t i o n s  1 , 2  a n d  3 i n  P i g .  4 * 8 .  i n  t h a t  o r d e r .  The v e r t i c a l  e x t e n t  

o f  t h e  a p e r t u r e  w a s  2 .5  cms g i v i n g  a  t r a n s m is s i o n  o f  0 .1  fo o f  a  s p h e r e .

The m e a s u re m e n ts  on t h e  c h a n g e s  i n  t h e  f i e l d  sh a p e  w e re  made 

a t  f o u r  e n e r g i e s ,  t h o s e  c o r r e s p o n d in g  t o  t h e  B - ,  P - ,  I -  an d  L - l i n e s  

o f  T h o riu m  a c t i v e  d e p o s i t .  No o t h e r  l i n e s  w e re  s t r o n g  en o u g h  t o  

b e  m e a s u re d  e a s i l y .  P i g .  4 * 9  sh o w s t h e  d i s p e r s i o n  o f  t h e  P - l i n e  

f o r  t h e  t h r e e  t r a j e c t o r i e s  ro u n d  th e  s p e c t r o m e t e r .

The f i r s t  s t e p  i n  t h e  c a l c u l a t i o n s  w a s  t h e  e v a l u a t i o n  o f  , 

u s in g  e q u a t io n  ( 4 *4 ) ,  f r o m  th e  d i s p e r s i o n  o f  th e  c e n t r a l  r a y s  f o r  

w h ic h  X«w= 0 .  T ie  v a l u e  f o r  t h e  L - l i n e  w a s  c a l c u l a t e d  on th e  a s s u m p tio n  

t h a t  4*1,= C , th e n  u s in g  th e  v a l u e  d e r i v e d  f o r  rf, ,  th e  v a l u e s  o f  

S*, w e r e  c a l c u l a t e d  f o r  t h e  o t h e r  t h r e e  l i n e s .  T he v a l u e s  o f  

an d  a r e  s e t  o u t  i n  t a b l e  4*6 f o r  t h e  tw o  m e th o d s  u s e d  t o  p ro d u c e  

t h e  f i e l d  i n  t h e  s p e c t r o m e t e r .

-  6 2  -



Source - 1 mm. x 1 cm. highj Slit:- two slits 1 mm. wide, 9 mm. apart; Transmission:- 0.1$.

Line Momentum B^ 
(Gauss - cm)

Spectrometer set on Branch I of
a 30 Amp. Hysteresis Cycle 1

Spectrometer set using the
Initial Magnetization Curve 1

b erf, 6 a,

B 652.4 -0.051 -0.57 (7) -0.053 -0.54 (4)
F 1,338.4 -0.013 -0.53 (9) -0.025 -0.51 (6)
I 1,753.9 -0.013 -0.53 (9) —0.010 -0.50 (1)
L  1 2,607.2 0 -0.52 (6) 0 -0.49 (1)

TABLE 4*6. Change of <*( for the central rays ( (p r = o)





T he a n g le s  o f  e m is s io n  4 ^  an d  A . n w e r e  th e n  c a l c u l a t e d  

u s in g  e q u a t io n  ( 4 *7 ) , a ssu m in g  th e  v a l u e s  o b t a in e d  b y  t h e  a b o v e  m eth od  

f o r  o<( . ’Then th e  v a l u e s  o f  *<, + S«, h a d  b e e n  c a l c u l a t e d  j f o r  th e  

n o n - c e n t r a l  t r a j e c t o r i e s  t h e s e  a n g le s  o f  e m is s io n  w e re  r e - c a l c u l a t e d .  

O n ly  i n  t h e  c a s e  o f  t h e  B - l i n e  w a s  th e  v a l u e  o f  a n g le  a l t e r e d

a p p r e c i a b l y  a n d  th e n  i t  w a s  b y  1 C $ .  T h is  ch a n g e  i n  th e  a n g le  r e s u l t e d  

i n  a  ch a n g e  o f  a b o u t  6% i n  • The v a l u e s  o f  th e  a n g le s  a t  t h e  

e n e r g i e s  o f  th e  f o u r  l i n e s  a r e  s e t  o u t  i n  t a b l e  4 *7 .

The ch a n g e  i n  f o r  th e  n o n - c e n t r a l  t r a j e c t o r i e s  w a s  

c a l c u l a t e d  i n  tw o  w a y s .  The f i r s t  w a y  w as t o  u s e  th e  v a l u e  o f  

“b i n  t a b l e  4 * 6  an d  s u b s t i t u t e  t h i s  i n  e q u a t io n  ( 4 * 4 )  an d  C a l c u l a t e  

t h e  v a l u e  o f  4«t„* The s e c o n d  m eth od  w a s  t o  u s e  t h e  v a l u e  o f  «*, f o r  

t h e  c e n t r a l  t r a j e c t o r y  o f  t h e  L - l i n e  an d  c a l c u l a t e  t h e  d i f f e r e n c e  

f ro m  t h i s  v a lu e  o f  •<, .  The tw o  m e th o d s  g a v e  r e s u l t s  f o r  <  + ¿at,

w h ic h  a g r e e d  t o  b e t t e r  th a n  2 $ .  The v a l u e s  Ib r a n d  a r e

s e t  o u t  i n  t a b l e  4*8 f o r  t h e  tw o  m e th o d s  u s e d  t o  s e t  t h e  f i e l d .

The m ean c h a n g e s  • * ,  f o r  t h e  n o n - c e n t r a l  t r a j e c t o r i e s  w e re  

c a l c u l a t e d  b y  e q u a t io n  ( 4 *4 ) t o  e q u a t io n  ( 4 *6) an d  t h e  r e s u l t s  a r e

g i v e n  i n  t a b l e  4 * 9  f o r  t h e  c a s e  w hen t h e  f i e l d  w a s  s e t  o il B ra n c h  I

o f  a  3 0  amp h y s t e r e s i s  c y c l e .  C o m p arin g  t h e s e  v a l u e s  w i t h  t h o s e  

i n  t a b l e  4 * 8 ,  6«, *• . T h ese  v a l u e s  f o r  &*, a r e  c o m p a ra b le  w i t h

t h o s e  q u o te d  b y  B e r g k v i s t .

S in c e  t h i s  s t u d y  w a s  made t o  o b t a i n  a  q u a l i t a t i v e  a c c o u n t  o f  t h e  

n a t u r e  o f  th e  c h a n g e s  i n  th e  f i e l d  s h a p e ,  n o  a t t e m p t  w a s  made t o
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S p e c t r o m e t e r

L in e
Momentum  

B ^ (  S
S e t  on P r a n c h  I  

3 0  Amp. H y s t e r e s i s
o f  a  

C y c le
S e t  u s i n  

I n i t i a l  M a g n e t i
3 t h e
z a t i o n C u rv e

w 1 *• — ^ 1 • 1 cm s. r  = 4 0  0 " - r> • r  = 4 5 . 9 . r  = 3 1 * 1  cm s. r 0 — z*.o n s . r  = 4 5« 9  cm s.

■D s m  •Oph- *¿4- /•> c r- « P .4 t r 'VP; A r’’"7-  0 . 3 / \ l  J - 0 • / w (  7> -  o , ; r  ( 6) - 0 . 5 4 ( 4 ) -  0,60 ( 9)

1 , 3 8 8 , 4 -  0.50 -  0,59 ( 3 ) -  0 . 5 8 ( 3 ) -  0 , 4 9  ( 8 ) - ,3 .5 1 (Ó) ~ 0 , 5 4  ( 0>

I i , 7 5 3 . 9 -  0 , 5 0 ( 3 ) -  0.53 ( 9 ) -  0,39 ( 4 ) -  0.51  ( c ) - 0.50 ( 1 ) -  C .5 4  ( 4 )

L O < A"? pu. j  _ _ » A C*"*-  0.y<i ( 0 — 0.52 ( 6) -  0.56 ( 6) - 0 . 4 8 CO

m a r*T*r̂  :-L H**-5 . CM: , z  i n  " e P i ; . ’ 
3 ' r e i i n t h  -g-jd : cM • Sett:

nan, -us

-



S p e c t r o ineter s e t  on '‘'ra n c h  I of a 30 Amp. rr,~0 J- -liV s u r e  sn-S ’ycle

Line rn en ttu .  ̂
( G a u s s - c : . . ) r = 31 • 1 CMS . r  = 45*9 cm s.

B 652.4 - 0.57 ( 1 ) - 0.60 (7)

P 1 , 3 8 0 . 4 - 0.53 ( 4 ) -.0.55 ( 0)

TX 1,753.9 -  0.53 (5) -  0.55 ( 1 )

Ti-J 2,607.2 - 0.52 (3) — 0 • 'y2. (3)

• o f* . 1 ..oa'̂ ..1 : Ji_,. ' ean  Cli-.. :
in  11-C ‘ L I..., i  <>< .

TABLE 4.9



s t i m a t e  t h e  e r r o r s . I t  w a s  f e l t  t h a t  b e c a u s e  o f  t h e  nu m ber o f  

a p p r o x im a t io n s  i n  th e  t h e o r y  t h e  f i g u r e s  t h e m s e lv e s  c o t i ld  n o t  

h e  a n  e x a c t  e x p r e s s i o n  o f  w h a t w a s  h a p p e n i -_g b u t  t h a t  v ie w e d  a s  a  

w h o le ,  t h e y  w e r e  a n  i n d i c a t i o n  o f  t h e  b e h a v i o u r  o f  t h e  s p e c t r o m e t e r .

C o m p arin g  t h e  r e s u l t s  f o r  «<, + E«P, , w hen th e  f i e l d  w a s  s e t  

a t  d i f f e r e n t  p o i n t s  on  B ra n c h  I  o f  a  h y s t e r e s i s  c y c l e  ( t a b l e  4 * 8 )  

t h e  v a l u e  o f  c h a n g e s  m o st a t  lo w  e n e r g i e s .  The r e s u l t s  f o r  <  + 4*  

w hen th e  s p e c t r o m e t e r  i s  s e t  on  t h e  i n i t i a l  m a g n e t iz a t io n  c u r v e  a r e  

c l o s e r  t o  th e  t h e o r e t i c a l  v a lu e  f o r  <<, o f  -  0.500  b u t  t h e y  s t i l l  

i n c r e a s e  a t  lo w  e n e r g i e s ,  a l t h o u g h  n o t  q u i t e  a s  m a r k e d ly  g„s t h e y  

do w h en  B ra n c h  I  o f  a  h y s t e r e s i s  c y c l e  i s  u s e d .  P rom  t h e s e  r e s u l t s  

i s  w a s  v e r i f i e d  t h a t  t h e  f i e l d  sh a p e  c h a n g e d  a s  t h e  e n e r g y  o f  t h e  

f o c u s s e d  r a y s  i n c r e a s e d  an d  t h a t  t h i s  ch a n g e  i n  f i e l d  sh a p e  

a f f e c t e d  th e  r e s o l u t i o n  a n d  th e  t r a n s m i s s i o n  a t  lo w  e n e r g i e s .  S in c e  

a  c o r r e c t i o n  f o r  t h e  c h a n g e  i n  t r a n s m i s s i o n  c o u ld  a lw a y s  b e  m ad e, 

i t  w a s  c o n c lu d e d  t h a t  th e  s p e c t r o m e t e r  b e h a v e d  r e l i a b l y .
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CHAPTER V.

The Beta-spectrum ©f Yttrium-91 and the 
Internal Conversion Spectrum ©f Cerium-144.

1 • The Beta-spectrum of Yttrium-91 •

The (i-spectrum of Y-91 was chosen because it had already been 
measured and was well known. A measurement of the spectrum would 

confirm that the spectrometer was behaving correctly over the whole 

energy range of the spectrum besides yielding a fresh determination 
of its maximum energy.

Y-91 was the first isotope to be identified belonging to 

the class of unique first forbidden transitions (54)» This type of 
transition has a simple shape factor which, at the time the spectrum 

was measured, could only be calculated approximately. The shape 

factor, when applied to the results, yielded a linear Kurie plot.

Other reports (55)» (56), agree with this interpretation although 

Agnew (57) also stated that a unique second forbidden shape factor 

yielded a durie plot which was linear except at the high energy end. 

Since then, Rose et al. (58) have published a set of tables which allows 
the shape factor to be calculated exactly.

The energy spectrum of a forbidden ^-transition may be written:- 
N f v ^ d w  =  ( p W ( W 0 - W ) l 5  ( 5 . 1 )

where:- N(w)dW is the number of rays in the energy interval W to 

W + dW, g is a coupling factor, P(Z,W) is a term allowing for the 

Coulomb effect due to the charge of the nucleus, p and W are the 

momentum and energy, respectively, of the p-ray and S is a shape factor.
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A more convenient way of presenting the data is in the form

of a Kurie plot. In this, the function/ti/FpW is plotted against the

energy. While, for an allowed transition, the Kurie plot should be 
linear, there is no reason why it should be necessarily so in the 

case of a forbidden transition. The shape factor for a first forbidden 

transition may be written as the sum of two partial shape factors,

‘ are the partial shape factors corresponding to spin changes 

in the nucleus of one and two units of angular momentum respectively.

when the spin changes by only one unit of angular momentum, it is

shape factor when the spin change is two units of angular momentum. 

The shape factor is thus unique when the spin changes by two units 

of angular momentum and the transition is known as a unique first 
for bidden transition. Similarly, there are unique second, third, 

fourth, etc., transitions.
The shape factor for a unique first forbidden transition arises 

from either tensor or axial-vector coupling between the initial and 

final states of the nucleus and may be written:-

( 5 . 2 )

( 1 )  o ( 2 )

not possible for the shape factor ' to contribute to the total

66 -



and  f^^)j

Lq, ^  are radial wave functions, first used by Konopinslpi^ (W^-W) 

is the momentum of the neutrons (in units of m 0c.')/ Z D an«l 

J~, ~ have now been tabulated by Rose et>l!^!^ The term (1 + ̂ ) is a 

Pierz interference term (69) which is included to allow for a possible 

interaction between the tensor and axial-vector types of coupling.

An approximate expression for the shape factor may be written:-

5 ' °  =  + fv/ 1 ' 0  } (5-4)

(2)If the function N/PSV‘ ' ,pW is plotted against energy, the graph 

should be a straight line provided that b = 0. This is known as a 

modified Kurie plot. A more sensitive way of plotting the result is 

to plot the function N/FS^,pW(W -W2) against energy. This function 

should be constant, again provided that b = 0, hence any small 

deviations show up more easily than in the modified Kurie plot. 
Experimental Procedure.

2The sources used were less than 70 micregrams per cm • thick
and were mounted on backings with thicknesses less than 40 micrograas 

2per cm * thick. The maximum transmission was 1.5^ of a sphere and the
momentum resolution was better than for a j5-line from a source

2with a size of 1 cm • and a slit width of 1 cm.
To ensure that any errors would be minimised, the spectrum was 

measured under a variety of conditions. The transmission was 

altered to change the counting rate so that, if for any reason,
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the counting losses were greater than calculated from a measurement 

of the paralysis time of the scaler, there would be a discrepancy 
between the results for different counting rates. The best fit 

was given when the paralysis time was 300 microsecs, which was the 
measured value. The peak counting rate was varied between 6,500 

count$/min. and 13,000 counts/min., the corrections for scaling 

losses at these counting rates were 3% and 6% respectively.

The field was set both on Branch I of a 30 Amp. hysteresis 
cycle and on the initial magnetization curve. Above 160 lev both 

methods yielded the same results. The spectrometer was calibrated 

by measuring the momenta of the B-, E-, G- and L-lines of a Thorium 

active deposit using sources with identical dimensions to those of 

the Y-91 sources. The centroid of the ̂ 5-lines was chosen as the 

reference point for the calibration of the momenta as discussed in 
chapter III.

The background counting rate, due to cosmic rays, scatter 
from the walls of the spectrometer and spurious pulses from the G-M 

tubes increased from 15 counts/min. at low fields to 45 counts/min. 
above the maximum energy of the p-rays. The increase was assumed 

to be linear. This background counting rate was only a fraction of 
the peak counting rate and the corrections applied for it yielded 

consistent results despite the variations in the peak counting rate*
The statistical accuracy was kept within either 0.5% or 1.0% 

for the highest counting rates, but for a few points near the ends
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of the spectrum the counting rates were so low that it was impossible 

to obtain such accuracy.

Once the counting rate had been corrected for scaling losses 

and background, a correction was made for the decay of the source.

The half-life of Y-91 is 57*5 days (61) the maximum correction 

which had to be applied was 1 .0$. Because the momentum interval 
accepted by the focussing slit is proportional to the momentum, the 

counting rate must be divided by the momentum to give the true 
particle distribution as a function of momentum.

The values for the Coulomb Factor were taken from a set of tables 
compiled by Fano (62). These values had to be modified slightly 

because of the screening effect of the electrons in the atomic 
shells. Again, the values were taken from Fano's tables, but they were 

also compared with those of Reitz (63) with which they agreed well. 
Corrections for the finite nuclear size (64) and the de Broglie 

wave-length (65) were considered, but both were found to be less 
than 0.1$.

The Kurie-plot of Y-91 is shown in fig. 5»1 • together with the 
modified Kurie-plot. The Kurie-plot was extrapolated to determine 

the maximum energy of the spectrum. The shape factors could than be 
calculated and applied to the experimental data. A straight line 

was obtained with the exact expression for the shape factor, as shown 
in Fig. 5*1•» but the plot was definitely non-linear when the approximate 

expression for the shape factor was used.
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Fig» 5.2 shows two graphs of the function N/FS. ̂ pW(W -w)2
o

against energy, W. With the exact expression for the shape factor, 
this function was found to be constant from W = 1 .1+00 to W = ¿*..000 

(0.200 Mev to 1 •500 Mev), whereas with the approximate expression 
for the shape factor, there was an 11% decrease over this energy 

range. A similar plot was made using the unique second forbidden shape 

factor and was found to resemble closely the plot in which the 

approximate shape factor was used, thus ruling out this interpretation.
Since measurements, by Barry (23)» on the /5-spectrum of 

Phosphorous-32 agree with the latest reported results (66) it was 

concluded that the spectrometer was functioning correctly.

The maximum energy of the P-spectrum of Y-91 was determined 

to be 1*547 + 5 Mev. From the plot of N / F S ^  ,pW(W^-W)2 against W 

the limits on the interference term, b, were determined to be -0.03 < 

b < 0.05.
Y-91 has been reported to decay by jg-emission with maximum 

energy of 0.330 Mev and with a frequency of 0.2% of the decays. This 

/3-ray is followed by a '¡(-ray with an energy of about 1.200 Mev. (61), 
(67) and (68). Using a 3 millicurie source and a resolution of 

about 0.2% a search was made for internal conversion electrons, 
photo-electrons and Comp ton-electrons between 1.100 Mev and 1.250 Mev. 

No peaks could be found which coiTesponded to any of these phenomena. 
The limit placed on the frequency of internal conversion was 3 

conversion electrons per 10^ disintegrations.
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2. The Internal Conversion Spectrum of Cerium-144«

The internal conversion spectrum ©f Ce-144 was first brought t© 

mind when the measurements of the change in field shape were being 

made» Because of the low transmission, a fresh source of Thorium active 

deposit had to be prepared each day» A search was made for an isotope 
with a long half-life having also several low energy internal conversion 

lines which could be used instead of those from the Thorium active 
deposit. Ce-144 was one of the few isotopes, readily available, which 

decayed by -emission followed by several low energy £-transitions.
The energy of the most energetic internal conversion lines is 132 Kev 

w h ich  is lower than the value which was desired (about 250 Kev).

Ce-144 was not used in the measurements on the changes in the field 

shape, however, because it was found that the reported energies 
and intensities of the internal conversion lines differed widely.

Since the lines from Thorium active deposit were known accurately and 
could be found very quickly, sources of Thorium active deposit were 

used despite the inconvenience of having to prepare new sources. I 
decided to study some of the internal conversion lines of the ce-144- 

spectrum in order to establish the nature of the transitions and to 
clarify the decay scheme.

There is some agreement that there are g-transitions with 

energies of 134 Kev, 80 Kev, 53 Kev, 41 Kev and 34 Kev. The strongest 

transition, the 134 Kev transition is an Ml transition (69) to (78) 
although Kelly (70) suggested that it was an E2 transition. The 80 Kev 

transition is the second strongest transition, but opinion was
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divided over its nature. Porter and Cook (72) and Emmerich, Auth 

and Kurbatov (73) concluded from the ratio that it was a M2

transition. Cork, Brice and Schmid (75) from a measurement of both 
the *K/.it ratio and the «¿*t rqtio rsach* the same conclusion. On 

the other hand, Pullman and Axel (76) from the «<*/< ratio and from 
a measurement of the value of •<* suggested that this transition was 

a Ml transition. This interpretation has been supported by 

Hickock, McKinley and Fultz (77) who measured the value of <** and by 
Freeman (78) who measured both and the ratio.

Only Hickock et al. attempted to identify the nature of the 

53 Kev transition. From their measurements of the vsilue ofA the 
transition should have been an El transition but this interpretation 

conflicted with their measurements on the coincidence spectra. No 
attempt to identify the nature of either the 34 Kev or the 41 Kev 
transition has been made.

Three 3-transitions with energies of 145 Kev (75)» 231 Kev (71) 

and 46.8 Kev (69) have been reported only once while FreemanJis), 
recently, has reported two more weak transitions with energies of 

66 Kev and 86 Kev. Three more transitions with energies of 60 Kev, 

95 Kev and 100 Kev have been reported by more than one group. These 

three transitions arise from different interpretations of two groups 

of internal conversion lines, one at 52 Kev and the other at 58 Kevt 

Keller et al, Emmerich et al and Cork et al, interpret the group 

of lines at 52 Kev as the K-shell conversion line of a 95 Kev 3-ray
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and the L-shell conversion lines of a 59 Kev «-ray. The group of 

lines at 58 Kev is interpreted as the combination of the K-shell line 

of a 100 Kev {-ray and the M-shell lines of the 59 Mev transition by 

Keller et. al., Emmerich et. al, Porter et. al. and Pullman et- al.-

The measurements on the coincidence spectra conflict* Hickock 

et. al. and Pullman et al- found that the 53 Kev and the 80 Kev t-rays 

were in coincidence* Freeman detected coincidences between the 80 

Kev «-ray and the internal conversion lines of the 53 Kev transition. 

Pullman et. al. also detected coincidences between the 34 Kev {-ray and 

the 100 Kev 8-ray. Cork et al, on the other hand, detected coincidences 

between the 134 Kev transition and the 34 Kev, and 41 Kev transitions, 

while Freeman detected coincidences between the 134 Kev {-ray and 

the L-shell conversion lines of the 34 Kev transition.

There are at least three (3-transitions from the Ce-144 nucleus 

to levels in the Pr-144 nucleus. There is one to th^round state 

with an energy of 319 Kev (intensity 75$), one to a level at 80 Kev 

which is in coincidence with the 80 Kev {-transition, this transition 

has a maximum energy of 240 Kev (5%) and one to a 134 Kev level with 

a maximum energy of 186 Kev (20 $). Freeman reports a fourth 

(i-transition with an energy of 135 Kev with an intensity of 12$ the 

intensities of the other transitions being reduced correspondingly.

This (3-transition feeds a level at 166 Kev.

With a resolution of 0.2$ all the L-shell conversion lines 

could be clearly separated, thus one might hope to identify the
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nature of the transitions. The intensities of the internal conversion 

lines from a 5-transition depends both on energy of the transition 

and on the multipolarity of the transition. It is not always 

possible to determine the type of transition from a measurement 

of the •<.*/«, ratio are the K- and L-shell internal conversion

coefficients), because the lines from these shells have widely different 

energies and measurements may be effected by such phenomena as the 

absorption of the electrons in the window of the G-M tube. Often 

too, it is not possible to distinguish between different types of 

radiation because the *»/.ratios are very similar. A much more 

sensitive indication of the order of the multipolarity of the radiation 

is the ratio. Because the lines are close together,

window absorption does not usually affect the results. The intensities 

of the L-shell internal conversion lines are coupletely different 

for all types of radiation up to E5 and M5 multipolarities, thus if 

the L-shell internal conversion lines can be separated, it should be 

possible to identify the type of transition. I decided to measure the 

intensities of the K-shell lines, those of the L-shell lines and 

where necessary the intensities of the M-shell conversion lines.

Results.

A source of Ce-144 was prepared on a Zaponlak film with a
2

thickness of about 130 micrograms/cm • thick. The strength of the 

source was l/20 millicurie. The resolution decreased from O.k-Ofo 

at 27 Kev to 0.25$ at 126 Kev due to the astigmatism in the
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FIGS. 5.6 & 5.7
The L- and M-shell Conversion Lines of the

59-1 Kev. Transition.
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spectrometer* The transmission was set to 0 . 1 %  of a sphere and 

with a source of Thorium active deposit, the resolution for a source 

1 mm.wide was 0.13% at 148 Kev, indicating that some of the width 

of the C e - 1 4 ! f  internal conversion lines was due to the thickness of 

the source.

The spectrometer was de-magnetized after every run to ensure 

the maximum reliability in the measurement of the momentum. Most 

of the measurements were made with a side-window G-M tube which was 

designed for the experiment. Table 5.1 gives a list of the lines 

measured; a more accurate table is given in Appendix B. Gilumn I, 

table 3.1•, contains the output of the spinning coil; column 2, the 

energy of the conversion line; column 3» the shell or sub-shell 

which the conversion took place; column 4» the energy of the tran

sition and column 5» the estimated intensity of the line. The line 

profiles are shown in Fig. 5*3 ^ to*- 541» The transitions are listed 

in order of energy in table 5*2 in the first column. The second and 

third columns give the experimental and theoretical values for the 

*«/< and ¡dLfL \j,l& ratios and column 4 gives the multipolarity of 

the transition. The relative intensities of the transitions are 

given in column 5» These were calculated from the theoretical 

values of the internal conversion coefficients given by Rose (79)» 

from whose tables the ratios quoted in table 5*2, were calculated.

No internal conversion lines could be found which corresponded 

to a transition with an energy between 90 Kev and 98 Kev, so that if
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TABLE 5.1. 
Energies and Intensities of the Measured fl-lines of Pr-144

Spectrometer^ set using the Initial Magnetization Curve 
Source:- 1 mm. x 1 cm. high,^ millicurie - Ce-144* Detector slit:- 1 mm. wide x 1.6 c

Transmission:- 0,1$$ high. 
Calibration:- 0.3320 volts = 1,388.44 Gauss cm. (F-Line of ThB).

Line , , l i  - r w

Spinner output 
(volts)

Energy
(kevy

Shell
Energy (kev) Intensity

0.1338 26.8 33.7 (10+2.5) %

0.1506 33.8 40.6 (12+1.2) %

0.1603 38.1 K 80.1 (59+6) #

0.1776 46.4 4 53.2 (1.6+0.2) %

0.1888 52.2 59.1 (3.2+0.3) #

0.1905 53.1 ^ i i 59.1 (4-.0+0.4)

0.1996 57.9 59.1 (3.7+0.4)

0.2256 73.0 Li 79.9 (9.0+0.9) %
0.2547 91.6 K 133.6 (100+10) %
0.3P4 4 126.8

h
133.6 (12.5+1

— 88.3
h 95 A O «

92.9
h 99.7 < 0.5?o



Transition (kev)
and <_/  ̂«is/cx.jj ratios

Interpre t a t io n j Total Intensity
Experimental Theoretical

33.7 + 0.1 l/<0.09/<0.04 1/0.081/0.018 M1 6.6 + 1.7
40.6 + 0.1 l/< 0.10/< 0.02 1/0.079/0.017 M1 7.7 + 0.8
53.3 + 0.1 Ji / < 0 . M i/ < 0 , 0 5 1/0.078/0.016 M1 7.1 + 0.1

59.1 + 0.1 1/0.1 i+lfa/1.27 1/0.153/1.52 M3 7 .1 + 0.1

80.1 + 0.1 *4 A». - 5.7/1 « « A  - 8.2/1 M1 45 + 4.5
«*f/ •<„ /•*.« - 1A 0.1 2/< 0.03 /*<vb /^K5 - 1/0*07^/0.015

133.6 + 0.1 *»/*.. - 7.5/1 ** / <  - 8.3/1
M1 100 + 10

/ •‘t* - i/<o .o7 ^ A o .o3 <. / /"Mi ' 1/0.071/0.014

99.7 El < 0.4

TABLE 5*2. Summary of Transitions and their Estimated Intensities



there were a { -ray with an energy of about 95 Kev it must be a weak 

transition. Yiith regard to the L-shell conversion lines of a i-ray 

of 100 Kev, the statistical accuracy was very poor and although there 

did appear to be a very slight increase in the counting rate at the 

right energy, the increase was less than the statistical variation.

An upper limit has been placed on the intensities of both these 

transitions, assuming that they were both El transitions. If these 

transitions are not El transitions then their intensity will be 

less than the figures quoted for an El transition.

The group of lines at 58 Kev was not completely resolved* The 

lines were due to conversion in the M shell of the 59 Kev transition 

but there is also a possibility that the intensity may be partly 

accounted for by a K-shell conversion line from the i-ray of 100 Kev.

The energies of these transitions are in good agreement with 

those of Cork et al, who also used high resolution. My values for 

the /¿LiS ratios of the 80.1 Kev and 133*6 Kev transitions differ 

from theirs, but since the lines were well resolved, there was no 

difficulty in calculating the intensities. These transitions could 

only be Ml transitions from their «u, ratios. Cork et al pointed 

out in their paper that their results for the intensities of the 

lines at 52.2 Kev and 53.1 Kev agree with the theoretical ratio for 

the L-shell lines an M3 transition with an energy of 59 Kev but 

they decided that this interpretation was unlikely. I found three 

lines which could be interpreted as the Lj”, L^-, and Lj.^-conversion
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lines of a 59»1 Kev »-ray so that it is improbable that these lines 

are due to only two transitions. This argument is strengthened by 

the failure to observe conversion lines arising from the L-shell of 

a 95 Kev l-ray and the complexity of the M-shell conversion lines.

The 33*7 Kev, 4^.6 Kev and 53»2 «-rays must all be Ml transitions 

because in all other types of transition thei'e is appreciable 

conversion in the L^j-subshell.

Whilst Rose's tables were being confuted, the theory of internal

conversion was developed further. Rose's tables were based on the

assumption that the nucleus was static, that is, that the internal

conversion coefficients do not depend on the nuclear shell structure.

Church (80) and Rose and Green (81) have developed the theory to

allow for such dynamic effects as those of nuclear shell structure

while Sliv (82) has analysed the effect of the finite size of the

nucleus. Because of the computation necessary, it has not been

possible to evaluate the dynamic effects. Since these dynamic

effects depend on the structure of the nucleus, one must postulate

the most likely nuclear configurations otherwise the number of tables
1 4 4required would be large. The effect of the finite size of the Pr 

nucleus on the internal coefficients should be small for a Ml 

transition.

My results for the ratios are lower than the predicted

figures and by themselves, are not sufficient evidence to allow an 

interpretation of the transitions. I could not measure the 

ratios, except those of the 59*1 Kev transition, with sufficient
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accuracy to be able to compare them critically with the theoretical 

values. Within the statistical limits, however, the agreement was 

good. In view of this agreement, it is assumed that the nuclear 

shell structure does not play an important part in the decay of the 

excited states of Pr-144*

Level Schemes.

The six transitions measured may be explained by a simple 

level scheme for the Pr-144 nucleus. All the transitions arise 

from the decay of an excited state 133*5 Kev above the Ground State. 

There are three competing modes of decay, namely (i) a single 

transition with an energy of 133*6 + 0.1 Kev, (ii) two 6-rays 

in cascade with energies of 53.2 + 0.1 Kev + 80.1 + 0.1 Kev =

133*3 + 0.14 Kev and (iii) three 6-rays in cascade with energies 

of 33*7 + 0.1 Kev + 40*6 + 0.1 Kev + 59*1 + 0.1 Kev = 133*4 + 0.17 

Kev. The mean value for the energy of this level is 133*5+ 0.2 

Kev. The agreement between the intensities of the i-transitions 

is good although the intensities were ohly measured roughly.

Freeman found that the 33 Kev transition was in coincidence 

with the 133 Kev transition and hence postulated a level at 166 Kev. 

He could not, however, explain the intensities of the 40 Kev and 59 

Kev transitions from his decay scheme nor did the intensities of the 

/J-transition to the 155 Kev level and the intensities of the l -rays 

leaving this level agree. He suggested that the level at 100 Kev was 

fed either by a jg-transition or by a i -ray with an energy close to
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that of the 33»2 Kev i-ray which he detected» Except for the 

weak "(-transitions which were not measured, his decay scheme in the 

latter case would be similar to mine»

The cascading «-rays may be fitted into a scheme in different 

ways. Coincidence experiments can be used to sort out the order of 

the 80.1 Kev and 53*2 Kev i-rays. Because the 53«2 Kev i-ray is 

weaker than the 80.1 Kev transition it must decay to a level at 80 Kev. 

This assumption is supported by measurements of the ( i - i  coincidences 

of Hickock et al and Freeman. With regard to the 33 »7 Kev, 4-0.6 Kev 

and 59.1 Kev transitions, there is no information about coincidences 

between any of the transitions. From a consideration of the life-times 

of the states, the 59.1 Kev tranation cannot decay from the 133*5 

Kev level because , being a M3 type of transition, it would be too 

slow to compete with the 133*5 Kev i-ray.

If the evidence for a 100 Kev i-ray is accepted, then the 

59*1 Kev transition must decay to the Ground State of the Pr-144- 

nucleus and must be fed by the 4-0.6 Kev transition. The 59«1 Kev 

could not decay from the 100 Kev level because it would be conpeting 

with the much faster 100 Kev E2 transition. It is possible to construct 

only one decay scheme taking into account all these considerations, 

this scheme is shown in Fig. 5*1 B-* The Ground State is known to be 0 

from measurements of the spin of Pr-144 (83) and the ^-transitions from 

the Pr-144 nucleus (84), (85). The 100 Kev transition is indicated 

with a broken arrow becuase it was not observed.
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This decay scheme is consistent with the observed /3-spectra 

to the ground state, the 80 Kev level and the 133»5 Kev level. Because 

the Ground State is 0 , all three ^-spectra must be first forbidden 

spectra. The spin changes are 0, 1 and 1 respectively* The 

transition to the 100 Kev level would be a unique first forbidden 

transition. In this type of transition, the logarithm of the decay 

constant, log(ft), is greater than for a first forbidden non-unique 

transition so this transition should be weaker than a non-unique 

first forbidden transition if the two compete in a decay scheme.

There should not therefore be an observable -transition to the 

100 Kev level. A /5-transition to the 59*1 Kev would be a second 

forbidden transition and again it should not be observalble.

The decay scheme proposed has also been put forward by Graham 

and Geiger (86) in a recent paper in which they give the same 

assignments to the transition measured in this work. It is a 

consistent scheme with respect to the observed (i-transitions, 

and the energies, intensities and multipolarities of the «-transitions.
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The C o o r d in a t e  S y s te m  u s e d  t o  c a l c u l a t e  t h e  
F i e l d  S t r e n g t h  o f  th e  A u x i l i a r y  C o i l s .F IG . A.1



The f o r m u la e  f o r  t h e  f i e l d  p ro d u c e d  b y  s q u a r e  a n d  h e n t - h e a d e d  

c o i l s  h a -» b e e n  g i v e n  ( t o ) ,  (<./)» b u t  t h e y  a r e  v e r y  c o m p l ic a t e d  an d  

d i f f i c u l t  t o  u s e .  T he f o l l o w i n g  e x p r e s s i o n  w a s  t h e r e f o r e  d e r i v e d  

an d  u s e d  t o  c a l c u l a t e  th e  f i e l d  f r o m  a  p a i r  o f  c o i l s  show n i n  f i g .  A .1  •

The f i e l d  a t  a  p o i n t  P ,  d i s t e n t  r ,  f r o m  a  s t r a i g h t  w i r e  o f  

l e n g t h  a+b i s  g i v e n  b y  t h e  f o r m u l a : -

u _ r b x <k Loie _ (  ̂ l  h
n  -  J a t X  Ja l t * + V ) lh-

- i  r  — «—  k  '
~  t .  I  ( i ‘ -  r.’ )*

F o r  a  p a i r  o f  c o i l s  s u c h  a s  t h o s e  i n  f i g .  A . 1 .  t h e  f i e l d  i s  

t h e  sum o f  th e  c o n t r i b u t i o n s  f r o m  i n d i v i d u a l  s e c t i o n s  o f  t h e  f r a m e .

The f i e l d  w i l l  b e  d i v i d e d  i n t o  co m p o n en ts  H ,,  ,  a lo n g  t h e  x -  a n d

y -  a x e s  r e s p e c t i v e l y .  The d i s t a n c e s  a , b , c , d ,  s p e c i f y  t h e  d im e n s io n s  

o f  t h e  c o i l s .  F o r  tw o  c o i l s  e a c h  w i t h  n  t u r n s  t h e  f i e l d  i s : -

Appendix A«

T i l f (° ' 2 )  , *
\ Q i O 1 (t-Ml-X

■ M i l  ]r u (a ?

) i k . f  2 k->f 

(t^x)
l f(o *■ li * It-'5*!1! 1 +■ ( m c -jp-3-0 (t -i- it-*y

■ M l  I  |
(a - * ) 1 1 k ' i

j W T  *- it - f b l o x T ] ^

r (o-rl (a f t ) i ____
+  nT

' £ (a -f)z + (i v A 1 C ( « 4  *-'*> -f A ^ A X 4 (i+^
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( i  - 'i ) ? (a • i )
fi a-iT-t- |b -<■ W ->V 1 1

U -s)
-----------  ------------- i +
L<« *(d- ->? J *

D a-if

- -  ]

(z -i)x + ( J  -o<\' 

fa +\)
£ la « J  +(k*^ + W - J  *J
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n> — d»*M) 1 1 av i. ^
r  (a +■ U - jt  + [i ]  1 f  +|b+ )̂x+W*3J ] ' s- J (a *<y- +■ U v»y

—  Ia^ ________ .]| u - * )
. C la - if + U>-£- +to ft»+ if ( t * ^ r ) i t - ’j f  + U - *?

lo -z ) (a + i> ]  U -X')
f  (0 - i f  +U. 1- lc - 1 X tVo*i)1 +■ |c- j ĵ  (4 -^ 1 + U -*T

l « - a ) (« •* ) 7 K * x)
[  i* - i f  + (fc - ̂ +u * T'r £ i**lf-t-ik-of a- fC+lin SJ ( 4 - - ^  + U r«?

( a -*.) j. (a+i.') 1 K - ’h
f  la - i f  -» 1 £ lav if + U> he* >TP

H- = 0  i f  y  = 0«

The f i e l d  w a s  c a l c u l a t e d  f o r  s e v e r a l  p o i n t s  on  t h e  x - a x i s  

w i t h  a  = ¿4:” ,  b  = ,  c  = 5 ^ ’ an d  d  = 3 ^ ' .

X , ŵ. 0 0 2 5 0 ■/• 0 7 r I 0

2-S'L 0---------  ̂— -
1()

0 fc-76 0 ? l H 0 1125 0 J 00 48

O v e r  th e  d im e n s io n s  o f  t h e  s p in n in g  c o i l  (§ "  r a d i u s ) , t h e  

f i e l d  i n c r e a s e s  b y  3$>*
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Mr. Kamal has remeasured the energies of the internal conversion 

lines of Pr-144 using the apparatus I designed and built to measure the 

magnetic field (see pp. 31 ” 39) J he has also estimated their relative 

intensities. His results are summarised below and should be compared with 

table 5.1.

Appendix B.

Electron 
Energy, Kev. Interpretation

( .sviui )
Gamma Energy, 

Kev. Multipolarity Intensity
%

26.77 LI 33.61 Ml

34.01
39.91

LI
Mi

40.85) UJ.«ft 
40.92) 88 Ml 12 

1 8

46.54 Li 53.38 Ml

52.10
57-52

Li
Mi

58.39) -0 qv 
59.03) 58 97 M3 8-7

3-1

38.00 K 80.00) 57
73.12 L 1 79.96) 79-97 Ml 6-6
78.45 M 1 79.96) 1-5

91.40 K 133.40) 100
126.54 L 1 133.38) 133-39 Ml 16-5
131.89 M 1 133.40) 5-2

There was no evidence for a 100 Kev gamma ray.

No errors have been quoted because Mr. Kamal did not send a record of 

the errors in his measurements.
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