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Preface.

In this thesis I have described some of the methods
by which data can be obtained on the energy levels of
light nuclei. Part I. contains a summary of the
fundamental considerations relating to nuclear energy
levels, their general properties and the basic methods
which are used in the study of them. This part has been
largely drawn from Devons (Excited States of Nuclei) and
Bethe (Reviews of Modern Physiecs. Vol.9, 1937).

Part II. describés the methods which are used to
accelerate charged particles to high energies for nuclear
disintegration experiments. After a general summary,
this part contains a description of the aesign and
construction of the 800 kilowvelt high tension accelerator
set with which the nuclear disintegfation experiments
presented in this thesis were performed. Much of this
work is new, in particular, a new type of positive ion
source is described, which has a greatly improved performance
- compared with sources previously used. I should like %o
acknowledge the assistance of Mr. J. F. I. Cole during some
of the early work on the ion source. Thé work on the design
and construction of the H.T. generator, the accelerator tube,
and its associated equipment, was performed in collaboration
with Mr. R. D. Smith. |

Part ITII. contains a description of the spectrometer

used in measurements on the disintegration products from



nuclear regctions. The work on the design and development
of the spectrometer for charged particle measurements was
performed solely by myself. The gamma-ray spectrométer
was designed by Dr. E. R. Rae and I was only concerned
with certain small modifications which had to be made for
the particular experiments'descfibed in this thesis.

In Part IV, the results of a number of nuclear
disintegration experiments are presented, together with a
discussion of their significance in relation to the energy
levels of the nuclei involved. The matter here is
original, but I should like to acknowledge fhe assistance
of Dr. E. R. Rae and Mr. R. D. Smith in the experimental
work on the gamma-ray measurements and of Mr. R. D. Smith
in the work on the reaction Al% (P,a( )Mgz" .

In Part V. I have concluded by discussing the present
state of our knowledge of nuclear energy levels and the
attempts which have been made to find a theory of nuclear
structure and nuclear forces which will explain the
experimental data. |

"I should like to thank Professor P. I. Dee for his
sustained interest and encouragement and for many helpful

discussions during the course of the work.

I\ﬂay’ 19510 J. GoRo
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Part I. Genersl Discussion of Nuclezr Properties.

I.1. Reasons for the Study of Nuclear Znergy Levels.

The gtomilc nucleus consists of an assembly of nprotons
and neutrons which are bound together by forces which are
known to be very strong compered with the Coulomb forces
which bind the atomic electrons to the nucleus. One of the
most fundamentael problems which remeins to be solved is that
of the nature of these nuclear forces. In the cese of
atomic structure a very complete theory has been developed,
based on the original conceptions of Rutherford and Bohr.
This theory has led to a very complete understanding of the
guantum mechanical processes involved in the interaction of
matter and radiztion. The principal experimental data on
which this theory was based was a knowiedge of the excited
states of the atomic electrons. This data was obteined
from the study, by spectroscopic methods, of the radistion
emitted by excited atoms in returning to the ground state,
or to excited atates of lower energy.

Now in the case of the nucleus, as in the case of the
atom, the principles of quantum mechanics would lead us to
expecf that the total energy of the nucleons could only
assume a setv of dlscrete values, the ‘energy levels! of the
nucleus, A large emount of xperimeﬁtal date has been

e

obteined to confirm this exnectation, for exzmple the
sk 9 1
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phenomens of resonance gbsorption of protons and neutrons
end the emission of gemme-rsys of discrete energy volues
provide striking confirmestion. The particuler properties

of these energy levels, such as their

[6]

nacing from the
ground state, their anguler momentum, energy width etc.
must depend upon the forces between individual nucleons and
upon the structure of the nucleus. Thus it is cleczrly
desirable to have as complete a knowledge as possible of
the energy levels of nucleli in order to provide a basis

for comperison with theoretical predictions based on

-assumptions as to the nature of nuclear forces and nuclear

structure.
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I. 2. liethods of Excitaetion avoilable for Licht ifuclei.

In order to meke measurenents on nuclesr energy levels
it is cleorly necesszry to have some method of exciting the
nucleus concerned. Now the energy of even the lowest level
of most nuclei is of the order of 104'volts above the ground
state and consequently the normal methods uged for the
excitation of opticsl spectra are quite impractical.

The two methods of nuclear excitation which have had the
widest use are (a) bombardment of nuclei by nucleons or small
groups of nucleons and (b) radio-active decay. In the case
(a) the original nucleus maey be left excited by an inelastic
collison, or a nuclear reaction may occur, leaving =
residual nucleus in an excited state. In’ﬁhe case (D) the
residual nucleus of p-decay may be left in an excited state.
It is also possible to excite nuclei by irradisting them
with high energy electromzsgnetic radistion or electrons, but
this method has only had limited application at the present
time on account of the technical difficulties involved. The
method which has by far the widest field of application,
bperticularly in the case of light nuclei, is that of

bombarding the nuclei. with high energy particles.



T.3. Classification of Huclear Reactions.

Let us consider a nuclear reaction of the following

type:
A+ P->C-B+R

Here a particle P collides with a nucleus A4,
forming the compound nucleus C, which will normally be
in a highly excited state. This compound nucleus may
then de-excite in two principal ways, (a) by emitting
one or more gamma guanta to the ground state of C, (D)
by emitting a particle R and leaving the residual
nucleus B in its ground state or in aﬁ excited state.
We may conveniently illustrate such a reaction by means

of the energy level diagram shown in Fig. I (1).

Here we represent energy on a vertical scale and
plot the energy levels of the three systems A + P, C
and B + R. The so0lid horigontal lines represent the
ground state of the three systems and the dotted
horizontal lines represent excited states. We assume
that the particles P and R are either elementary
Particles or simple combinations such as deuterons
or alpha-particles fbr which there are no excited states

in the energy region which we are considering. Thus
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Fig.I(i). Nuclear Energy Level Diagram.
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tie excited states represent ig. i) are gimpliy those of

jon)

ec
the compound nucleus C and the residusl nucleus B. The
L e

crrows representv trensitions from one state to anovher, vhe

diagonal 2ITOWS representing ewission or absorwnition of a
pajticlevand the vertical arrows representing the emission

of gammé -quanta. The energy liberated during a particular
transition is usually denoted by Q. Let us congsider the
reaction A + P—» B+ R, which for convenience is usually
written A (P,R) B. Then, if B is left in the ground state B,
we mey denote the energy released by Qo and the total kinetic
energ& which will be divided between R and B will be G, + E’,

n

where Ep is the kinetic energy of the incident particle P.

-

On the energy level diagram Qe is the vertical seperatio
between the lines representing the ground states of A + P
end B + R. If the residuzl nucleus B is left in an excited
state B, , and the energy released is Q,, then the total
kinetic energy will be Q, + Ep. In order to measure Q,
and Q, it is only necessary to measure the kinetic energy
of the particle R in each case, since the geometry of the
experinent and the principle of the conservetion of
momentum define the division of energy between R snd B. We
may nofe that, since R is usually of much smaller mass than
B, it will usually take up o large fraction of the kinetic
energy. Having thus measured Q, and Q, , the energy of the
excited state B, is known to be equal to Qe = @, with

resnecyt the g e B 2 CQ 1
DecTh to the ground state By o The velue of dg Mmay also
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be colculated 1f the mass velues of A4, B, P znd R are known

)

with eufiicient accuracy. Thus 1f AL is the mass difference

between A + P and B + R, then the theory of relativity
predicts that Qo'*AL 2 where C is the velocity of light.
Much of the early work on nuclear reactions was devoted to
verifying this reletion between mess and energy, but is now
assumed to be correct and the gfound.state Q-valués of
nuclear rezsctions are used vo supplement mass spectroscopic
data on the exact mass values of stable isotpves and to
rovide information on the mass values of radio-active
isoveopes, which are not usually aveilable in sufficient
guantitiés-for mass spectroscopic analysis. To return %o
the meessurement of energy levels, we see that by measurement
of the energy of perticle groups from nuclear reactions we
are able to calculate the energy levels of'the residual
nucleus. This information may be confirmed and supplemented
by measurement of the gemme radiation from the residuel
nucleus. For example, in the case considered above, we
should expect to observe gamma rays of energy Qe = @,
emitted in transitions from the excited state B, to the
ground state Be

In the case of 'radiative capture', where the nucleus
C de-excites by emlttlng gamme-~rays, we can only meke
messuremsents on these gamma-rzys. Such a process is
‘normally denoted by A(P.X)C. If only one gamme quantum is

enicvted direct to the ground state of the nucleus C, then a



megsurerlent of 1vs energy only serves to measure the ground

) oo

stete Q value for the reaction. However, if more than one

S S

“pemme quantum is emitted, vhen we shell obtain information

.

about the energy levels of C Tthrough which the transitions
teke place.

In either of the two general types of reaction discussed
above it may be possible to obtain information on the more
highly excited energy levels of the compound nucleus C by
a study of the 'excitation function' of ©the nuclear reaction.
IT the region of excitaetion energy in which the compound
nucleus C is formed by absorption of the partiéle P is not
too high, then there may exist discrete energy levels. it
this is the case, then there will only be discrete energies
of the incident particle P which cen result in the formetion
of the compound nucleus C in one of its energy levels. Thus
the yield, or cross-section, of the reaction will exhibit
sharp maxima or ‘'resonances' at these energies, and a
measurement of their energy‘values, absolute yields, and
widths will give corresponding informetion about the energy
levels of the compound nucleus C. It is usual to define
the total width of such a level by [ and to define the
'partial widths! for the emission of 2 proton, alpha-particle,
or gemma~ray by-l; » Igs ly s vwhere:

T A Ko+ o---

The partisl widths are proportional to the relative

probabilities for the decasy of the level by the appropriate
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nrocesses., It can be ghown that Tthe cross-section O for

o resction of the tyne A(P, R)B ig ziven by the Breit-wisner
iy ’ f- (S8}

disversion formula:

DN A (1)
am (c-£)+ 1 M*

where A is the de Broglie wave-length of the bombarding

I

o

particle P , 4? and ﬂ? are the partial widths for
emission of the perticles P znd R respectively, E is the
kinetic energy of P, E, 1s the resonance energy and & isv
a Tactor which depends upon the angulér mnomentum changes
involved in the traensition and which is of the order of
unity for smell changes of engulsor momentum. If we
integrate equation (1) over =11 values of E close to E,
for which 0" is appreciably different from zero we obtain
the following expression for Y , the thick target yield
in disintegrations per incident particle.

Y = L2 w ble (2)

4NE, e [

Here € is the rate of loss of energy of the incident

particle in the terget meterial per dis%gtegrable nucleus
ber c.c. and )\l hes been replaced by 't/zHE, where Il is
the mass of.thé incident perticle and h is Planck's

constent. = We note thet if [p D2 {: , S0 that /_,r:/; ’

then equation (2) reduces %o:

_ Ly r (3)



Similerly, if ,; > /; we have:

y - Ae [ (4)

4ME €

Thus we see that o measurement of the thick terget yield
provides a method of measuring the smaller of the two
quantities ’; and f: . The total width [ can be
measured direotly‘from the width of the thin target
excitation curve, provided that it is greater than the
experimental resolution. |

We see that measurements of the type described =bove
eneble us to measure the energy value and the ehergy width
of & nuclear level. Two further parameters sre normally
introduced to describe the observed characteristics of
nuclear energy levels. These are the angular momentum and
the parity. According to the principles of guantum
nechanics the orbital anguler momentum j of zn assenbly
of particles can only assume integral values in units of
‘xfhn' . However, the individual nucleons which constitute

3

=

an atomic nucleus are known to have an intrinsic spin of
The total anguler momentum J, of & nucleus in o given stete,
will be the vector sum ofAthe orbital angular momentum end
the spins of the individual perticles &nd can therefore
assume integrel or helf-integrsl veslues, depending on waiether
the number of nucleong in the nucleus 1s even or bdd. The
perity of a state is introduced in 2 wave mechanical

description of the state to define its symmetry properties.
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The parity is defined as being o0dd (=) or even (+)
according to whether the wave funcfion describing the
state does or does notv change sign when the co-ordinates
of the particles are #wsexchonged. “ s;%w.

The anguler momentum and perity are important in
determining the type of transitions which can take place
between different energy levels. In the case oi gamma-
ray transitions the chenges in the value of the engula:
mnomentum a2nd of the parity determine the multipole order
of the transition (electric dipole, magnetic dipole,
electric quadrupole etc.). In the case of particle
emission the angular momentum and parity chenges determine
the probgbility of the process. The emission of a
perticle such as a proton,.alpha—particle.or neutron with
en even number of units of snguler momentum is only possible
1T the parity of the initiel and final states is the sane.
Similerly the emiséion of a particle with odd anguler
momentum is only possible if the perities are different.
In a2ddition to these selection rules, the emission and
absorption of charged particles with high angular momentum
Will be less probable than the emission of particles of
low enguler momentum beczuse of the increased effective
height of the potentizl barrier for pazrticles of high

engular momentum.



Consideration or the Recquireuents Tor the Beam of
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necident Perticles.

In the previous discussion we hzve oubtlined briefly the
type of information which cen be obtained from nuclesr re-
actions. We can now comnsider the general properties which
the beam of bombarding particles should have in order thet
it should be capable of being used for es Wi@e e field of
nuclear research as possible.

First,_lef us consider the energy of the bombarding
particles. It is clear that the range of excitation
energies of the compound nucleus C which can be investigated
by measurement of the excitation function, will extend from
the energy Q; corresponding to0 the mass difference between
A + P and C, and the energy Q; + Ep , where E  is the
‘kinetic energy of the parficle P; Thus it would seem
desireble to be able to vaery Ep from zero to as high a
value as possible to cover the widest possible field.
However, the spacing between energy levels in & given
nucleus tends to decrease as the excitation energy increcses
until finally they overlap and form & continuum in which it
is no longer possible %o discern discrete level structure.
In general, the most interesting Ffield of investigzotion of
the energy levels of the compound nucleus is covered by the
renge of Ep from O to 3 or 4 llev. znd much useful work cen

be cdone in the range from O to 1 liev.
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In addition to the megsureunent of the nosition of

enersy levels it is of interest to measure the energy
width of these levels. The degree of resolution waich
cen be obtained in such meassurements will depend upon the
energy homogeneity of the bombarding particlés when they
collide with the target nuclei. This, in turn, will
depend upon (a) the homogeneity of the particles in +the
beam zand (b) the thickness of the target. The latter
effect is due to the fact that the particles will lose
energy in traversing the target and hence will have a
lower energy if they mske nuclear reactions at the back
of the target. However, the ultimate resolution
etteinable with a very thin target will depend upon the
homogeneity of ®the beam. The level widths which are
concerned in, for example, proton induced reactions range
from gbout 1000 volts up to 100 kilovolts or more. Thus
an energy homogeneity of better than 1000 volts is
desirable. In practice this degree of homogeneity is
most readily attzined with a direct type of accelerator
such as a cascade generator or Van der Craaf machine and
can only be obtained with a multiple accelerstor, such as
a cyclotron, by the use of energy analysers which reduce
he beam intensity by = large factor.

In the case of experiments designed to measure the

e

energy levels of the residual nucleus by meesurewents of

the energy of the resction products,the homog senelty

l
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requirenents of the incident besm are not usually s
stringent as in the case of excitation function
measurenents., There ore two mein reasons for this,
firstly, if the reaction proceeds via a sharply defined
energy level in the compound nucleus the energy
homogeneity of the.incident beam will not affect the
energy of the out-going perticle, provided that it is
sufficiently small to excite only one energy level in
the compoﬁnd nucleus. Secondly, even if a broad state
or continuum in the compound nucleus is involved, the
techniques for measurement of the energy of the out-
going parﬁiclé do not normally have 2 sufficiently high
resolution to justify a high degree of homogeneity in
the energy of the inéident particles., However, it must
be mentioned thet receﬁt developments in the technique
of high resolution magnetic spectrometers for heavy
particles make an exception to the above stetement. If
measurements on the energy levels of the residusl nucleus
are made by observing the gamma-radiation from these
levels, then the homogeneity of the incident beam is quite
" unimportant.

The intensity oi the beam of particles 1is a@lso of
great imporitance in nuclear disintegration experiments,
particulerly at low bomberding energies, because of The

smell yield of disintegrations per incident perticle. For



example, let us congsider the reaction Li7CP,¥)3&g, which
ia one of the highest yield proton caepture reazcitions in

the enerzy range below 1 llev. The thick target yield

of the 440 kev resonzunce of this rezction is of the order
of magnitude of one disintegretion per 10‘ incident
protons. To meke a precision measurement of the energy
of the emitted gamma-reys it may be necessary to use a
spectrometer with an efficiency of one count per 107
gammeg~rays from the source, thus giving an overall counting
rete of one count per 10" incident protons. A current of
1 pma. corresponds to a flux of 6 x:]ﬁfz protons per second
and this current would therefore give a counting fate of
about 0.3 counts per minute in the experiment considered
above. It would therefore be necessary to count for
several hours to obtain reasonable statistical accuracy

on a sin’gle point. However, a current of 100/!¢-Wou1d
reduce the necessary duration of each measurement to a few
minutes. Since maeny interesting reactions have yields
considerably smaller than the one considefed sbove we

see that it is desirable that the beam of incident

particles should have the highest possible intensity.
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I.5. The Detection =nd lieasurewent of the Reaction Froducts.

The range of technicues which has Dheen developed for the
detection and negsurenent of the products of nuclear recctions
cover such a wide field thet we shall meke no attenpt o
discuss them a2ll in this thesis, The discussion will
therefore be limited To the techniques relevant to the
exﬁerimental work to be described later.

5 (a) Charged Particles.

Let us first consider the case of a nuclear resction
in w@ich a charged particle is emitted.  The perticles
Whiph are most freguently involved are the proton (m'! )
snd the d ~particie (He*), but HY , 1> and Ha® are also
sometimes observed. The dynamics of such a reaction ere
illustrated in Fig.I (ii). A bombarding particle P of mass
I, and energy E, collides with a nucleus A which is
initially at rest. A nuclear reaction occurs and a
particle R of mass M, 1is emitted with energy E, in a
direction which makes en angle @ with the initial direction
of P.  The residuael nucleus B of mass Mg recoils with
energy Ez in 2 direction making an angle £ with the
initiel direction of P. From the principles of the

conservation of energy ond momenbum we can now calculote

L, 28 = function of @, B, and @, where ¢ 1ls the energy
relecse cg defined in section I.3. Iin the epecial case

A

vhere @ = 900 the relcotion is essily shovm to be:



Fig.I(ii). Dynamics of Nuclear Disintegration.
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Thus we see thot we cen calculate the energy releose
¢ by measuring E, .

The most widely used method of measuring the energ
E4y of charged particles hes been to measure the 'range'
of the particles. In traversing matter, a high énergy
charged perticle loses energy by meking ionising collisions.
with the atoms in its path until finelly all its energy heas
. been dissipated end it comes to rest. The distance which
the particle travels before coming to rest is termed its
'range'. Because of the statisticel nature of the
ionisaéion process there is a small spread on the range of
a beam of particles which ere initially homogeneous in
energy. However, this spread or 'sitraggling' in raenge
only emounts to a few per cent and’hence a measurement of
the‘mean range of = homogeneous group of perticles serves
to measure the energy of the particles with an accuracy
of the order of 1%. It is, of course, necessary to know
the relation between range and energy in the meterial used
to slow doﬁn the particles. One of the earliest and most
direct methods of measuring the renge of charged partvicles
was to photograph their tracks in en exvansion cheumber

the range in

s

and thus obtain a direct measurement of

gas in the chember. This method was not very satisfactory

0

in the case of nuclear disintegration experiment
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of the various technicael difficulties involved. ore
recently, photographic plotes with specially prensred
thick emulsions heve been used o messure the range of
perticles directly in the emulsion of the plate.
Tonisation chambers and proportional counters have also
been widely used to measure the renge of particles by
interposing absorbing material between the source of
particles and the counter. The first quantiﬁative
measurements on ertificiael disintegrations were made by
Cockroft and Welton by this method and the technigue weas
developed to a higher degree of precision by Lewis, Wynn
Williems and many other workers, both in the field of
artificigl disintegrations and in the study of radio-
active decay. A detailed discussion of these technigues
is outside the renge of this thesis but we must note two
fundementel limitations of the range method of energy
measuremnent.  PFirst, its resolution even with the best
technique is limited by the effect of straggling. This
means that it is not possible to resolve particle groups
whose energy differs by less than a few percent and this
may cause difficulty if a nucleus with closely spaced
energy levels is being investigated. Second, and more
important, is that it is not possible to observe particles
which heve a ronge comparable with that of the incident

perticles which have been scattered from the target

~

3 o

naterial 2nd its backing material, The energy of these



scattered particles will depend upon the ness of the torget
nuclel aond usnon the zngle of observetion relative to the

direction of the incident beam, but, since the target
nuclel will generally be of considerably greater mass than
the incident particles, the energy of the elastically
attered particles will usually be only slightly smaller
than thaf of the incident particles. The cross-section
for elastic scattering is several orders of magnitude
larger than the disintegretion cross-section for nuclear
actions in the energy range we are considering and hence
it is quite impossible +to observe the disintegration
perticles if their range is less than thaet of the incident
particles. The effect of this limitetion is particulerly
serious in the case of'(p,d) reactions because of the
smeller renge of alphe-perticles compered to thet of protons
of the same energy. The range-energy curves for alpha-
particles and protons are shown in Fig.Tl (iii). It will
be seen, for example, that a 500 KeV proton has the same
range as a 1.7 eV alpha-particle and hence it would not
be possible to observe by the range method elpha-perticles
of energy less than 1.7 MeV from a nuclear reactlon induced
by 500 KeV protons. In practice the limit would probably
be somewhat higher on account ol the eiffects of straggling.
A second method of measuring the energy of cherged

).

narvicles is to measure their radius of curvature in

)

8]

megnetic field. This method has alsc been used for



Energy vs. Range.
Protons, and Deutenons

Fig. I (iii).
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congidereble tlme in regsureitents -on the particles from
rodioactive disintegretions buv it is only compériﬁively
recently that magnetic spectrometers suiteble for making
measurements on particles from nuclear reactions have been
developed. The particular problems involved in the design
of such specirometers will be discussed in section III.1.
and we shall only discuss the basic properties of the
method. It can egsily be shown that the radiﬁs of
curvature/o;of-a cherged perticle of mass 1M, chafge Ze,
and energy E electron volts in o uniform magne tic field
H is given by the relatlon:

AH/O = [REM

J Z%e

We note that the quantity 11/zZ* is the same for both a

proton and:an alpha-particle and that consequently they
Will have the same Mo value 1T Their energies are the
same, Thus in whe case of a (p,a) x@action_it will be(
possible to resolve alpha particle groups from the
elastically scattered protons if their emergy is agreater
than thet of the protons. This represents a considerable
improvement 6n the lower limit 1mnosed by the range method.
The case of (d, p ) end (c‘ & ) reactions is not so
favourable beccuse the guentity K/Zz is twice as large
for. deuterons and hence it will only be possible to resolve

protons or slpha-perticles from the scattered deuterons Dby

A

megnetic analysis zlone if their energy is more thaon twice
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thet of the deuterons. However, in the case of (0‘,t)
recctions 1t 1s always possible to prevent the scettered

deuterons Ifrom rezching the detector of +the spectrometer’

)

by placing an absorver of suitable thickness in front of
the detector, because the range of the protons arriving

a2t The detector will alwaysvbe grecter than thet of the
deuterons at 2 given value of the magnetic field, since

the deuterons will have only helf the energy of the protons.
I+ will, of course, be necessary~to chaﬁge the thickness of
the gbsorber to cover a large range of energies. This
technique is not suitable for (d,ﬂ() rezctions because of
the, smaller range of alpha parficles. The method of
megnetic enalysis for the energy measurement of charged
particles is also cepable of much greater precision and

resolution then is possible with the range method.

5 (b) Gamma-Reys.

We shall now congider the detection and measurenent
of the gamma-radistion emitted in nuclear reactions. The
interaction of gemma-rediation with matter produces high
energy electrons by three separate‘processes and‘it is by
means of these electrons that we are able to detect the
Presence and measure the energy of the radiation. The
three processes involved eare (a) the Compton effect, (b)
The pho{;electric effect and (c¢) the peair production process.

m . oo , - . - . ﬂ .
The Compton effect results in the production of electrons of
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21l energies from zZero up to an energy slightly less then
thet of the originel gemma-rays. The photo-electric effec
nroduces homogeneous groups of electrons of energy ecucl to
het of the original gemme-reys minus the binding encr
the otomic electron shell from which the electron has been
ejected. The peir production process gives rise %o
electron—pésition pairs whose total energy is equal to the
original gemme-ray energy minus the rest energy, 2me*, of
the electron-position pair, but the energy is not
necessgerily divided egqually between the electron and
vositron, éo that the spectrum of either 1is a continuous
function of energy. The cross-sections for these three
procesées'are 2ll funcitions of the energy k of the garme-
rays end of the atomic number % of the nuclei with which the
gemma-reys interact. These cross—-sections are shown as 2
Tunction of energy for lead in Fig.l (iv), which is taken
from Heitler's "Quantum Theory of Radiation". Itiwill be
seen that thé crogss-sections for the Comptoh and photo-
electric effects decresse with increasing energy, whilst
the cross-section for poir production increases continuously
with energy from the threshold at k = 2mc*.

We can now congider the basic methods of gamma-ray
energy messurement based on these three processes.

The only precise mnethods are those in which a magnetic
spectrometer ig used to measure the energy of the electrong

o0r nopitions nroduced by one or other of the above urocesses.
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iiethods involving

coefficient of the gamms radistion or the sbsorption

L]

)
h

coefficient of the secondeory electirons sre not caxnable o

high eccuracy cnd cre particulerly unsatisfactory if the

-

L.

apectrum of the gemma redistion is complex. In the
energy range below about 3 Mev it is possible to measure
the energy of the nhoto electrons egectea frem o thin Toil

with g magnetic specirometer and hence to calculate tThe

.
A

garma~ray energy with high precision. A messurement of
the end-point of the Compton electron distribution can
also be made to yield an accurste velue for the gamma~ray
energy, but because of the continuous digtribution this
method is subject to difficulty in the case of a complex
gamme~ray spectrum. These methods have had verJ wide
éplication in the measuremenﬁ of the gamma-rays emitted
in radio-active decay processes, where the gamma-ray
energy is seldom greater than 2-5 llev. However, in the
case of nuclear reactions, gamma-ray energies of up to

18 Mev are observed ond energies in the region of 10 Ilev
are quitéAcommon. We see from Fig.I (iv) that the cCross-

section for the photo-electric effect is very small in

this region and hence it is not practiczl meke use of
the effect to messure gamma-rey energies. The Compton

cross-section igs olso much reduced, but it still nrovides

-~

2 possible method of measurement if the svectrun is fairly

1} . 9
14
+

simple.  The most satisfectory meamsurenents in this

P
[
—
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energy region, however, have been those based on the pair
production process. The first application of this process
to the measurement.of gamme ray energies was made in
conjunction with an expansion chamber placed in a uniform
magnetic field. The gamma rays were allowed to fall on a
thin lead foil placed in the expansion chamber and the
energies of the electron-positron pairs were calculated
from a measurement of their radii of curvature in the
megnetic field. This technigue was applied to the
measurement of gamma-rays from nuclear reactions in light
elements by Fowler et al (1939) and Halpern and Crane (1939).
Although this method was much superior. to any other
available at the time it has certain disadvantages. The
rrincipal disadvantage is the time involved in taking the
large number of expansion chamber photographs which are
necessary to obtain reasonable statistical accuracy. The
accuracy of the method is also limited by the effect of
multiple scattering of the electron and positron tracks in
the gas of the cloud chamber. prever, in 1948 Walker

and McDaniel developed a coincidence magnetic spectrometer,
based on the pair production process, which overcame the
difficulties inherent in the expansion chamber technigue.
The development of this spectrometer made it possible to
make precision measurements of the energy and intensity of
high energy nuclear gamma-rays in a reasonable time with

the scurce strengths available from nuclear reactions. A



spectrometer of this type has been developed in this
leboratory end a more deteiled description of its
congtruction and operation will be given loter in this
thesls, together with the experimental measurements wmade

with it.
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art I1. The JAcceleration of Charged Particles.

IT.1. Summary of General Methods.

We mey divide the methods used for the acceleration
of charged particles to high energies into two basic
categories: (a) the t'direct' method and (b) the multiple
acceleration method.

The first method uses a high tension D.C. generator
to accelerate the chargedvparticles down an evacuated
tube and is only capable of accelerating the particles
up o the maximum voitage provided by the generator.
This was the method used by Cockroft and Walton (1932)
in their pioneer experiments on the artificial dis-
integration of nuclei, Their high tension generator
consisted of o cascade rectifier circuit of the type
which will be described leter in this thesis.
Electrostatic generators of the type developed by Van
der Graaff (1931) have also been Widely used to accelerate
particles by the direct method. The maeximum particle
energy which can be obtained by this method is limited
by corona and spark discharge from the high voltage
terminal of the generator to ground. In prazctise this
limits the voltage to about 2 x 10% volte in eir et
atmospheric'pressure, even in very large enclosures.

Some improvement cen be obtained by placing the generator

ant accelerator tube in e chamber containing ges at high
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pressure, but the mechanical difficulties involved ere
very considerable,. 5o Tfar, this technique has only
been zpplied to electrostatic generators and the meximun
voltage which has been gttained is of the order of 4 1lv.

The multiple acceleration method uses a comparstively
low alternating voltage to accelerate the particles many
times until they attain a high energy. The first
successful accelerator of this type was the cyclotron
developed by Lawrence et al (1932). This type of machine
has been developed to give particle energies as high as
400 Mev end machineélto give energies in excess of 1000
Mev are under construction.

However in the energy range up to a few Mev, the
direct method has many advantages over the multiple
acceleration method. In particular it gives a beam of
particles with a much greater degree of homogeneity in
energy than is possible with multiple accelerators. It
also gives a much larger beam current, which is an
importent factor at low energies because of the
comparatively small yield of nuclear reactions at these
energies. It is also very much more simple to construct
and operate.

The high tension set which has been constructed and
used to perform the nuclecr physics experiments described
in this thesis is of the direct type. The details of the

construction and operation of this set will be described



in the following perts of this section, The research
work which was performed in the design of this equipment
will also be described in detail, where the work involved
is new and was performed by the author. This work is
mainly concerned with the development of a new type of
ion source.

A general view of the high tension equipment, which
is housed in a large laboratory on the first floor of the
building, is shown in the photograph of Fig.II (1). It
consists of three principal pieces of equipment, the 800
kv D.C. generator, the accelerztor tube and the power
column., The accelerated beam of particles passes
through & tube through the floor of this room into the
'vpeam room'! on the ground floor, where it is used for
disintegra%ion experiments. The control equipment for
the H.T. set and a large part of the electronic
equipment hecessary for the experimental work is situated
in & small room adjacent to the beam room.

We shall now describe the design and development of

the various parts of this equipment in detail.
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I.2. The High Tension Generator.

(2) Principle of Operation.
%

The generetor used for supplying the high voltage for
the Glasgow'accelerator set was constructed by Messrs.
Philips of Eindhoven. It congists of a five stage cascade
generator, similar in principle to the original design of
Cockroft and Walton. The essential details of the
operation of the generator may be seen from thé schematic
circuit diagram of Fig.II (ii)a, and the voltage wave-
forms at various points in the circuit Which are shown in
Fig.II (ii)b. The trsnsformer T, is supplied with a
controlled varisble A.C. voltage with a frecquency of 400
cycles per second. This voltage is supplied by a 250
volt generator and cen be varied from O to 250 volts by
means of a variac. The secondary of T, develops a
voltage with a peak amplitude of up to 80 k V. The
condenser C, and the mercury vapour rectifying valve V,
act as a simple half-wave rectifier circuit so that C,
becomes charged to the peck voltage Vo of the transformer.
The condenser Cg is then charged to the peak voltage éVo
reached by the point B, through the rectifier V, . By
an exactly similer process the condensers C., , Cg , Cq
and C, also become charged to a voltege of 2V, and since
they are all coniected in series, the high potenticl ter-

minal K reaches a voltage of 10Vy with respect to ground.
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Thus o voltgge of 800 k V is obtaoined with a peak‘volta@e
of 80 k V from the seconcery of the transformer T, . The
filenents of the rectifying valves zre hested by wmeans of
2 radio~frequeﬂcy current éupplied by the 500 ke
oscillator. This current is fed to The point A through
a series tuned circuit C, , L, tuned to 500 kc , the
cbndenser C“"serving to insulate the oscillator output
from the poiht A. - The current then flows through the
condensers C, to Cg through another series tuned circuit
Cizs L, », and finally through the condensers C, to Cg to
ground., , Small dust-core transformers, not shown in
Fig.II (ii)a have their primsry windings connected between
the condensers.  The radio-frequency voltages developed

across their secondary windings are then used to heat the

rectifier filaments.

(b) Ripple Voltage.

The high voltage terminal of the generator is
connected to the top terminal of the accelerator column
through the 10 M@smoothing resisfance R, and'thell.5 Mo
surge prevenbtion resistance R, . The smoothing condensers
Cu to C,s are connected in series between the junction of
R, and R, aznd ground, via the secondery of s trensformer T

whose function will be described later. Thus any risple

which is present on the high voltage terminal of the

generator is reduced by = factor k = R,Cw, vhere ¢ igs the



effective series capeacity of the condensers C, to Ci

zend WAy is the frequency of the ripple voltage.  The
value of C 1is .OO%/fdew@.if we assune thet the rinnle
frequency is 400 c.p.s. then k = 75. The maximum ripple
voltage on the generator is of the order of 10 kV at 500
kv, and hence the smoothing circuit should reduce this
ripple to about 130 volilts. It was found, however, that
fhe ripple on the high voitage terminal of the accelerator
tube was still of the order of 1500 volts. After some
investigation‘it was found that the majority of this
ripple was due to direct capecity pick-up from the A.C.
side of the generator to the spinnings on top of the
accelerator column and power stack. This component of
the ripple was messured directly by switching off the
filement heating of the rectifying valves to remove the
D.C. voltage and observing the ripple voltag on an
oscillograph connected via a cathode follower to the top
terminal of the accelerator column., The estimated
capacity of %6Ffd between the A.C. side of the generator
and the spinnings is quite sufficient to account for the
observed ripple voltage because of the very high A.C.
voltage, of the order of 160 kV peak to pesk, on the AC.
side of the generator. In order to reduce this copacity
pick=up it would be necessary to reduce the capacity itself
or to reduce fhe value of the surge »revention resistance

R, » since the latter is the effective impedance azcross



which the ripnple voltegse is developed. There Wes no

' s

precticel method of reducing the capecity and it wees feltb

generator itvself when a discharge takes place in the
accelerator tube. The method finally adopted was to
'beck-off! the ripple voltege by means of a suiteble anti-
phase vblfage fed through the smoothing condensers’from
the transformer T, . For this purpose it is necessary
to have a voltage which is proportional to the A,C.
voltage on the generator. A convenient source -of such
a2 voltage was found to be the output terminal of the
radio-frequency oscillator, since it is connected To the
high voltage termingl A of the transformer via the .0001
rfd. condenser C 2nd is effectively connected to ground
in the oscillator vie a .03ufd condenser. Thus 2
voltage of about 1/300 of the transformer secondary
voltage appears at this point. The R.F. choke Ly is
used to remove the 500 kes/sec R.F. voltage and the
remaining 400 c.p.s. voltage is fed to a cathode follower
via circuits which control its phase and amplitude. The
outout of the cathode follower is fed fo the transformer
Ty , which has a étep~up ratio of 10/1. The system was
set up by observing the ripple voltage on the top of the
accelerator column by the method previously described and

adjusting the phese and smplitude controls until the ripple



was reduced to a minimum. It wes not pnossible to reduce
the ripnle to zero because of the different components of
higher harmonics in the two weveforms, but a reductlon by

a factor of 10/1 was achieved and this was felt to be

sufficient in view of other unavoidable sources of volitage

fluctuation.
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(¢) Voltage lMeasurement and Stabilisation.

The voltege on the accelerator tube is measured by
means of the 01l cooled resistance Ry . This resistance
has a value of about 1200 M0 and consists of 1200 1 A
carbon resistances wound in a spiral on a perspex former.

The whole assembly is placed in @ cylindricel container
through which the trensformer oil is circuleted. The
current through this resistance flows to earth through
the meter M,and the resistences R4 and Rg . The meter I,
is used for direct reeding of the set voltage, its scale
being marked in intvervels of 10 kv from O to 1000 kv.

A pre-set shunt across the meter is provided and was se?t
after measurements had been made on the excitation curve
of the well-known 440 KcV resonance in the rezaction

:L7(p,X)Be8. For more accurabe measurement of the
voltage the potential developed across the resistance Rg
is measured by means of a standard potentiometer unit.

The registance Ry consists of a number of high stability
wire wound resistances connected in series, with 2 total
velue of about 1200, The potentiometer unit uses a
standard cell as a reference voltage. The potential
across Rg can thus be measured to an accuracy of 100 micro-
volts. The value of Rg was adjusted vy meosurements on

several sccurately known nucleor resonances so thet it was

elmost exactly one millionth of the value of Ry+ Re+ Re
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The readings of the potentiometer unit in milli-volts

1 the set in kilo-

[

therefore give directly the voltocze o
volts to a relative zccuracy of gbout 100 volts. The
absolute accurecy of this meazsureuent is not better than
about 1% at present because of the rather large
temperature and voltege coefficients of the main
resistance Ry 4, but it is hoped to improve this in the
near future when better quality resistances are provided
by lMessrs., Philips. However, it is possible to mek
accurate measuremnents of the position of unknown
resonances by comperison with measurements made
immediately before or after on the position of known
resonances in the same voltage region; The lerge number
of sharp resonainces in the reaction N"(p,l’ )3 %% wnich
have been accurately mezsured by Brostrom et al (1948)
are particularly useful for such comparisons.

In order to hold the set voltage constant ageinst
long period fluctuations due to changes in supply voltage,
load current, etc., a stabiliser has been constructed.
The resistances R4 and Rg are used to develop a voltage
of about 10—4 of that on the set. This voltage is then
backed off by mezns of a controllable voltage from a 120
volt reference battery. The genged decade resistances
R, and Ry and the potentiometer Ry serve to control the
reference voltage. The difference voltage is then fed

to the input of a D.C. amplifier with a voltege



about 1000. The circuit of this amplifier is shown in

2}
<l

&

Pig,IT (idii). It will be seen to consist o
conventional type of 'chopoer' smplifier end is free from
D.C, drifts corresponding to chenges in input of voltege
of more than 50 micro-volts, which is a considerably
higher degree of stability than is necessary in this
application. The output of the amplifier is used to
control the grid-cathode potential of two large power
triodes V, and V, . These velves are connected scross
the two halves of the split secondary winding of the
trensformer T, , whose primery is connected in series
with the primary of the main H.T. trensformer T, . The
transformer T, has a step-up ratio of 240/1. The
impedance presented by the primery of T, is therefore
controlled by the grid-cathode voltage of the control
valves V,, and Vj, . The reange of control is limited by
the maximum allowed power dissipation of the valves V,,
and V,, and this corresponds to a change of about 15%

in the voltage on the primary of the main transformef T,
with the circuit used. It ig therefore necessary to
adjust the main control variac to approximetely the
desired voltage before the stabiliser can operate. A
voltmeter I, is used to monitor the output of the D.C.
emplifier and the variacc is set so that the system
stabilises with this meter epproximately in the middle of

its range. The performance of this stabiliser has been
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very satilsfactory. It has a response +time of 1/10 sec.
and reducesg any Ifluctuations of lower freguency than this
v a factor of 100, The principle remsining voltage
fluctuatidns on the set are due to irreguler striking
of the rectifier valves, which has been a freQuent source
of trouble. These fluctuations are too fast to be
completely removed by the stabiliser and can only be
removed by careful selection of the rectifier valves - =z
process which has not always been possible beczuse of
shortage of supply. It may be mentioned tha% the room
temperature ﬁust belmaintéined at at least 22° C. to

obtein satisfactory operation of these valves.

* * * * * * *



II.3. The Ion Source and Initizl Beam Focussing.

(2) Genersl Requireuents.

The perticles which are most frequently reguired for
disintegration experiments are the proton and the deuvtron.
These are normally produced in an ion source by running
some form of discharge in hydrogen or deuterium, For
conciseness we shall discuss the problem in tefms of
hydrogen, although almost everything that will be said
applies equally to deuterium. ’

We note at this stage that three types of ion will
be produced in a discharge in hydrogen, protons (HT ),
molecular ions (2] ) 2nd triatomic ions (EP; ). The
factors affecting their relative abundance will be
described later. Now all these ions will be accelerated
in the high voltage tube to equal kinetic energies, but
the individual protons in the H: and H:. ions will only
have respectively one half and one third of that kinetic
energy and are therefore of 1little use. It is usually
desirable to separate the protons from the other ions by
megnetic analysis before using them for disintegration
experiments; |

Thug in order to obtaein & large proton beam current
we require an ion source which will deliver a large ion
current containing a high percenﬁage of protons to the

accelerator tube. It is further desirable that the



initial energy inhomogeneity of the ion source beanm
should be less then the normal vaeriations in voltage on
fhe H.T. set in order thet it should not contribute to
the final energy spread of the beam at the target.

It is also desirable that the ion source and its
assoclated equipment should be reasonably compact and
use as little power as possible, since the whole assembly,
including thekgenerator supplying the power, must be
contained inside the high voltage terminals of the

accelerator column and power stack.-
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b) Previous Work.
(b)

A great deal of work has been done between 1933 and
the present day to produce an ion source satisfying =11
these requirements and it is convenient first to
summerise very briefly the work Which had been published
up to the commencement of the present work in 1946.
| The source used by Cockroft snd Welton in their early
eiperiments was designed by Oliphent and employed a high
vo’tage (30 kV) cold cathode discharge. Such sources
are still used todaey and have the advantages of simplicity
and reasonably good ion current and proton percentage.
Unfortunately, they heve a large energy spread,‘of the
order of magnitude of the voltage used to maintain the
discharge. They also require a rather large power input,
of the order of 3 kW.

A second type of source which became very populer,
particularly with workers on Van der Graaf generators,
was the hot cathode, low voltage arc, fype of source
developéd particularly by Tuve et 2l. and Lamar et al.
This gave a rather smaller output than the Oliphant source,
but the energy spread was very small, probably less than
100 volts. The hot filament which was reguired to
maintein the arc was a source of trouble, as it required
frequent replsecement.

The first suggestion for the use of radio frequency



voltages for meintaining en ion source discharze was

ncde by Getting (1941). During the wor great advences
yere made in radio-frequency techniqﬁe and 1t was natural
thet workers in the field of ion sources ghould consider
the application of these teéhniques to their particulaer
problems after the war., The first report of work on
these lines was published by Thoneman (1946)>just prior
to the commencement of this work. His apparatus

Fig.II (iii) consisted of = 2-litre Pyrex flask conizining
H, at low pressure,in which a discharge was maintained by
a 60 mcs/sec R,F. voltage applied between ring electrodes
round the bulb. D.C; potenticls of up to 20 KV. were
applied between a tungsten probe in the top of the bulb
and a cylindrical electrode in the neck of the flask,

the probe being mede positive. Because of the high
mobility of the electrons as compared with the positive
ions the main plasma of the discharge‘takes up the same
potential as the positive probe and leaves a short 'derk
space! above the negative electrode, across which almost
all tﬂe D.C. potenticl is developed. It was found that
the boundary of this dark spece was gharply defined and
epproximately spherical in shape. Thus positive lons
which diffﬁsed cerogss it from the main plasma were
accelerated by the potentiel gradient and focused into

a narrow beam which passed through the cylinder and wvas

collected by an electrode at the bottom of the neck of
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Fig.II(iii). R.F. Source (Thoneman).



tﬁe flask. Thonensn wes sble o obtcin currents of up
to 10m.a. to the collector electrode, though it is
possible that some of this current was due to secondary
~electrons leaving the coliector. Thonemsn did not
attempt to take the ion beam through a small aperture or
anal, és would be necessary in the case of an ion source
supplying a high vacuum accelerator tube, nor did he
megsure the proportion of protons in the ion beam.
However, it was clear that there was a good probability
that an ion source of high performance could be designed

on these lines.
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(¢) Present Vork.

It was therefore decided to build on cpparatus
rather gimiler to thet of Thomeman to obtain sonme
experience of this technique and to proceed from that
to a measurement of the proton percentage at an early
stege. This .apparatus is shown in Fig.II (iv). A
200 mecs/sec. oscillator designed for pulse operation
as a reder trensmitter was available fronm Go&ernment
surplus disposals and was modified to give a continuous
output'of about 30 watts. This weas used to su@ply
ring electrodes ss’ surrounding the bulb of a l-litre
Pyrex flask. A tungsten probe wes first used for the
positive D.,C. electrode, but it was soon found that
during operation a fairly well focussed beam of electrons
was projected up the centre of the flask and caused
intense local heating of the probe and its seal, which
frequently cracked the glass. These electrons originated
as secondary electrons, produced when the ion beam struck
the collector znd guard electrodes in the neck of the
flask. Conseqﬁently this probe was replaced by the air
cooled block of aluminium A shown~in the diagram; The

collector electrode T. mecsured the ion current passin

03]

through a %" diemter hole in +he cguerd plate C. Puuping

speed calculations showed than an aperture of this size

could well be tolerated between the ion source and the
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accelerator tube on theH.T. set. Secondary electrons
were prevented from leaving the colliector by the electrode

D vwhich could be made up to 400 volts negative with

ot

respect to T and C, but could not itself be "bombearded by
fhe beam., A potential of 300 volts was necessary to
suppress secondary electroﬁs completely =and with no
suppression voltage the target current was exaggerated by
e factor of five by secondary electrons. _The ion current
wes measured as a function of %he'extréctibh‘VOltage and
. the results are shown in Fig.II (v). It will be seen that
an ion current of T0Oma . was obtained at the maximum voltage
of 6 XKv produced by fhe'main power pack and that the
current appeared to have resched saturation at this voltege.
In view of “he promising results obtained in these
preliminary experiments it was decided to proceed at once
to measure the constitution of the ion beam by megnetic
analysis. The apparatus shown in Fig.II (vi) was
constructed., The ion beam-passea through a 3" dismeter
hole into a flat 'pill-box' shaped vacuum chember placed
between the 3" diémeter poies of an electro-magnet. A
collector plate was situated in o side post soldered to
the chamber at a point on the circumference 90O from the
entrance gperture. A 1/16" glit in the chember wall in
Tront of the coliector zllowed particles which had been
deflected through 900 by the magnetic field to reach the

collector.
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Thus, by measuring the collector current as a
function of the negnetic fieid the mess spectrum of The
particle could be measured. A typical graph obtained
with this epperatus is shown in Fig.ITI (vii). Tt will
be seen that the beam consists mainly of H:' end H: ions
and only 4% of the ions sre protons. No improvement in
proton percentage could be obtained by verying the
pressure tvhrough the renge from 2 to 10 microns over
which <the source Wbuld operate sgtisfactorily. It was
clear that sn investigetion into the reasons for the
smgll proton percentage was requirgd:

Before describing further experimental work it is
convenient to discuss the fectors influencing the
proportions of the varilous types of ions produced in
a discharge of this type. TFirst, it is clear that
almost all the ionisation produced will be due to
electrons which have gained energy from the R.F. field,
since the large mass of the positive ions only a2llows tThem
to acquire a very small amount of energy. Let us consider
a particle of charge € and mass m situated in an electric
field E given by:

E = By sin wt. (1)
Let x be the distance of the particle from a fixed point,
measured in the direction of E. Then the eguation of
motion of the particle will be:

By

m a*x -
at*

=
)
—
N



We gheodl assume first that the pressure is sufficiently

low thot the frequency of coliisicns of the particle

with gos molecules ig very small compered with the
f:cecuency,“’{q , 0f the electric field. We can then
find the sbteady state solution of equation (2) to
determihe the energy of the particle. Substituting

for (1) in (2) we obtain:

a*x = e ]
S £- E, sin wt. (3)

This has the steady state solution:

dx = - ek cos wt, (4)

av n w

x = - eF, sin wt. (5)
m w

Assuming that the particle has no drift velocity
(é"t‘.‘ =0 at ut=" ) and thet the origin is chosen at the
centre of oscillation (X =0 at €=0), the kinetic energy T

of the particle is then given by:

_ i ax )*
T =+ m(d‘c)

1

, L ¥
T=% € Es  cos? wt. (6)
n Wt

or, if V is the kinetic energy in electron volts:

v = =1 e _E_,';cos" wt. (7)

® |3
|
v

The meximum energy V, at t = O is:

V=15€ E (8)



Thus we see that the energy acquired by o pexrticle in the

] ] .

ield is inversely proportionasl to its mass ond hence g

1

i

proton will only =acquire 1/2000 of +the energy of an
electron in the seme field. If, Tor example, we tule
Whw = 200 mes/sec and Eo = 200 volts/cm then V,a 40
electron volts for electrons and Vo™~ ,02 electron volts
for protons. It is therefore clear that the electrons
will be the primgry agents‘in producing ionisation. It
is also savisfactory to observe that the R.F. field will
not contribute to any energy inhomogeneity of the proton
bean, |
Let us now consider the processes which will occur

in an-R.F. discharge in hydrogen. First we may define
the primary processes as those caused by collisions of
electrons with H, molecules, and the secondary processes
as those in which the products of the primary processes
are involved. The primary processes aret=-

H,+ € — H, +2€ (4)

H, + e — H+ '+ 2e” (B)

H,+ € —» IL+H+e (0

Reaction (A4) is the normel ilonising process, forming a
molecular lon, resctlon (B) produces ionisation =nd
dissocisztion and resction (C) produces dissociation into
neutral atomic hydrogen. It is known from experiments

with electron beams passing through H, at low pressure
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(smyth 1931) thet the cross section for reaction (A) is
2bout 20 times thet for reaction (B) for electrons of
energies of the order of 100 volts or less. Thus only

e
¢

% of the lons produced in these procegsses will be protons
and the remaining 95% will be molecular ions. Now let us
consider the gecondary processes which will occur. Firstly,
those concerning the H:' ions will be:

HY + e, 5 1, (D)

HY + H, —» H +H (B)

Hy + € — H+ H +€(F)

Reaction (D) consists of simple recombination with a low
energy electron ( e;) and is most 1likely to occur when the
H; ion colliides with the walls of the fessel. Reaction
(E) cen occur when the ion collides with a neutral gas
molecule and seems to heve a high probability, since it 1is
the only reaction which can explain the high proportion

of 11:' ions observed under conditions where the proportion
of H} ions (and hence of H atoms) is very small. Reaction
(F) consists of dissocisztion of the HI' ion by a fast
electron and will clearly not be a serious competitor +o
(D) 2nd (E) under any normal conditions of ionisation
density. The H; ions formed by rezction (E) will
finally recombine with & free electron and will ilmmediztely

dissociate, since Hy 1s no

4~

Hs

+ e, —> H,+H, (@)



S

Thus we see thot the primery process (C) =snd the
secondery processes (E) and (@) result in the formction
of zatomic hydrogen. Now these atoms of hydrogen will
finslly recombine with each other to form normal moleculer
hydrogen. However, it is known that the probability of
such recombination teking place in the volume of the gzs
itself is very small end thet almost all the recombination
takes place on the walls of the vegsel enclosing the gas.
It is clear than an equilibrium concentration of atomic
hydrogen will be built up, such that the rate of production
of atomic hydrogen by the discharge processes is equal to
the rete of recombination. If 2 high concentration of
atomic hydrogen is produced, then a high proportion of
protons will be produced by direct ionisation.

I+ € —> HY + 2 € (m)

It is cléar from these general considerations that
the factors which will be importent in producing a high
concentration of atomic hydrogen will be (i) a high rate
of ionisation (ii) a low rate of recombination of atomic
hydrogen on the walls of the vessel, The former can be
obteined by using as much R.F. power as possible and we
shall later see that some imnrovement can be obtained by
the use of a suitable magnevic field., There is very
1ittle guantitetive information cvellable on the rate of

recombination on different materials. However, it is

=iy

cleacr from the work of Wood on the spectra emitted from
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hydrogen discharge tubes that o clean gloss surface gives
e much lower recoubination rate than any other common
noterial,

With these considerations in mind it was decided to
experiment with an 'R.F.capillary' source shown in Fig.
IT (viii). The diécharge was mainteined in a Pyrex tube
A of 5 mm bore connected between two oylindrical bulobs EB
surrounded by the R.F. electrodes CC. The ions were
extracted through the cansl ¥ by applying a potential
between it and the probe F. It was thus hoped to obtain
g high ionisation density with only a small surface srea
of metal exposed to the discharge. At the same time a
more convenient form of megnetic analyser was builﬁ and
this is Shown below the source in Fig.II. (viii). The
ions emerging from the canal were accelerated and focussed
by the electrostetic lens G. The voltage across this gap
could be adjusted from 0-15 kv and was normally set so that
the beam was focussed‘onto the slit S placed in front of the
Fareday collecting’cylinder H. An analyser, consisting of
crossed electric and magnetic fields; was placed between
the focussing system and the collector. The electric filield
was provided by the two parelilel plates I I. The magnetic
field in a plane at 90° to the electric field was provided
by a smail vermenent magnet with 1" diemeter poles, which
gave a field of about 400 gauss. Now if a particle of

cherge e, mass Il and velocity v pnasses through the anzlyser
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.94

it will be deflected along a path of radius of curvature

e given bys
MvYt = (Hev - Xe)

P —

2

Where X is the electric field and H the magﬁetic field,

(9)

both being assumed to act over the seme length of path.

If V is the energy of the perticle in electron volts:

' Ve = £ Nv?2 (10)
Hences ZIV = H[2Ve - X (11)
1‘5{

For particles which remain undeflected and pass through

the slit S we have p = 00 a2nd hence:
2Ve
X =H[=
f T (12)

Thus by measuring the collector current as a function of

X we obtain the mass spectrum of the ions in the beam.
This method of analysis was found to be very convenient
and simple to use for the following reasons. (i) Since
the whole apparatus wes in a vertical line it was ezssily
assembled and supported directly on top of the flange of
the vacuum pump.(ii) Only = comparétively small and light
permanent magnet was required, instead of g large‘eieétro-
magnet. (1ii) The total focused beam current could be
measured quickly end directly by removing the magnet and
reducing the deflector voltage to zero. (iv) The ion
source and Tocusing electrodes could be changed without

L4 d. . . _ - .
disturbing the analysing systen. The regolution was
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sufficient to. give almost complete separation of the
+ + ) .
peak from the H, peelk, but the Hy peck was not completely
resolived frém the H;L beak, clthough its megnitude could
ugually be esgtimeted failrly accursctely. A typicel
spectrum obtained with this analyser of the beam from the
cepillary source described above is shown in Fig.II (ix).
After careful cleening and outgassing, the cepiilery
source was found to give a yield of zbout 25% protons.
Altlhiough this was not as high as was desired, it wes
considerably better then that which had been obteined with
the original Thoneman type of source and confirmed that
development was proceeding along the right lines. In
respect of totel ion outpﬁt the performance was pdor, the
maximum ion current being 10Q,4.vﬁim.a,probe voltagze of
about 1600 volts. At higher probe Voltages the discharge
in the'capillary wes completely 'blown out!' in the region
of the electrodes and the outputvdropped aimost to zZero.
When the source was giving 25% protons the colour of the
discharge was pink instead of the characteristic blue
which had been observed with the Thomweman source, and,
~indeed, with the cepillary source when it was first used
before it had been outgassed. This chenge in colour we.s
due to the increased strength of the Balmer lines emitied
by excited hydrogen atomns, relative to the band gpectrum

[

emitted by the hydrogen molecules, the red colour being

due to the strong He 1ine of the Balmer series. it
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colour chenge gove z very useful quick visual indicosion

of the order of megnitude of the prolton percentage. A

-

LS B

photograph of the spectrum emitted by = later tyne of

source when siving sbout 60% protons is shown in Fig.II (x).
It was observed that the colour of the dischearge in the
capillary source did not change from the bulbs to the
cepillieary, and it seemed probable that the concentretion

of ztomic hydrogen was more or less constant throughout

the apparatus.

In view of the results obtained with the capillary
source a new source of the type shown in Fig.II (xi) was
constructed. This source retained the essential feature
of exﬁosing only = small sreaz of metal to the discharge;
which had been found necessary for forming 2 high '
concentration of atomic hydrogen. But it wes hoped thét,
by reverting to a type of extraction similar to that used
in the Thomneman source, an increzsed beam current would be
obtained. The discharge was maintained in the Pyrex tube
A by the R.F. voltage applied between the cylindrical
elecitrodes B B. The ions were extracted through the exit
canal C, &" diemeter by 4" long, in the zluminium block D
by applyiﬁg a potential between it znd the probe P. The
tungsten probe was set back in the side tube through which
the hydrogen entered the discharge tube in order to

o

minimise its effect as a surfaoce for recombinstion of

2tomic hydrogen. As in the Thonemcn source, the extroction
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voltage produced a small 'dork space' above the ccnael,
whose boundery with the bfight plasma of the discharge
wes roughly spherical in shape., This boundary moved
upwards as the extraction voltage was reised. The
secondary electron beam accelerated up the tube from

the canal was again a source of trouble a2nd a sma2ll oil
bath was fitted to the top of the tube to conduct the
heat away from the bonbarded azrez, Before the bath was
fitted the glass'was frequentiy cracked or melted and
even afterwardsAthis effect limited the maximum probe
voltage which could be applied. Provision was also
made for a magnetic field parzallel to the eaxis ofithe
discharge tube. This was provided by the Helmholtz
coils xx, which produced a field of up to 300 geuss in .
the region of the tube.The purpose of this field was as
follows, We have already observed that the concentration
of atomic hydrogen should depend on the rate of ionisstion,
now an electron which is oOscillating under the influehce
of the R.F. field will, in general, have a drift velocity
super-inposed on its motion. This drift velocity will
finelly couse it to collide with the walls, if it does
not coliide with a gas molecule first. Now if there is
an axiel megnetic field, the component ofAvelocity
perpendiculer to the field direction will cause the

electron to move in 2 circular path in this plaene. The

component of velocity perallel to the field direction
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will be unasifected znd Tthe electron will therefore spiral
zions the lines of force. This mecns thet the electron

will spend a longer time in the gos before it is lost by

[k

.

coliision with the wall end hence & larger frec ction of
the R.F. power will be expended in ionising the gas
relative to that expended in colliisions with the walls.
It was found that when a magnetic field of ebout 100 gauss
or more was applied, the brightness of the discharge
increased considerably and the colour showed a marked
reddening. The quentitetive effect on the proton
percentage can be seen from the graphs of Fig.II (xii).
It will be seen that the proton percentage increased from
30% to 54% when the field was switched on. The effect

the gas pressure on the proton percentage was also
investigated and is shown in Fig.II (xiii). T+ will be
seen that the proton percentage was almost constant et
pressures above about 10 microns (LI_O'3 mm Hg) but began to
fall at lower pressures. Having thus attained the
necessary conditions for a good proton percentage, the
total ion current was measured as a function of the probé
voltage and the pressure. The current was not found to
be critically dependant on the pressure at pressures szbove
about 10 microns, provided that the output metching controls

on the R.F. oscillator were adjusted for meximum power =%

each pressure. At pressures below 10 microns the dischorge
beccme rother unsteble and it became difficult o meteh the
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osciliztor prooerly - 4 groph of the total ion curr
as & funoﬁion of whe probe voltage at a pressure of 15
microng is shown in Fig. II (xiv). For this measurewment
the analysing chamber and the collecting system were
connected'together and used as a deep Farzday cage. 1t
will be seen that theiion oufrent rose rapidly to 500 ma.
at a probe voltage of 2,5 Kv and then tended to level off
at higher voltages. With the maximum focusing voltag
of 15 Kv which was availeble it was only possible to
focus the béam through the slit into the final collecting
cylinder H at probe voltages up to 2.8 Kv; Under these
conditions the current tb the cylinder was 400 ma. without

negnetic analysis and 240/u4 with the analyser mzgnet in
position and the electrostatic deflecting field set for
the proton meximum,

As the construction of the H,T. set was proceeding

it was felt thatvthe time hed come to design a source and
7ocus:mg arrangements which could be put on the accelerator
tube, even if modifications had to be made later. For
this purpose the source shown in Fig.II (xv) was
constructed. It will be seen that some small modificetions
had been mcde. In order to save space, which would be at
e premium in the spinning on top of the accelerator coliumn,
the size of the magnet coils had been considerably reduced.
The brass formers of these coils Weré insulated from zzch

o

other snd from ground, so thet they could be used az +the
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R.F. electrodes. Two pleces of copper tube, slightly
less than a quarter of a wavelength long, were fixed to
the coill formers end soldered into a bress shorting bar
st their far ends. A gliding shorting bar (n0u SﬂOWP

in Pig.II (xv) ) was also fitted so that the whole forued
a 'stub' of verisble inducfanoe'which could be used to
ma%ch oﬁt the self¥capacity of the eleptrodes. . The

twin concentric cables from the oscillator were tapped
onto this stub at a point which was found by experiment
to give the.besf match to the characteristic 1mpedance

of the cables. The D.C. connections to the magnet coils
were brought out down the centre of the copper tubes
forming the matching stub.and emerged at the rear of

the shortihg bar so that they did not affect the R.T.
circuit. The source tube itself was similer to the
previous ones except for the inverted glass 'skirt'
‘round the canal. The purpdse of this wes té reduée the
effect of sputtering of the zluminium cahal onto the
glass "of the source, which had previously been found to
cause erratic operation of the source after o few hours
running. We may say here that although this modificotion
increased the useful life of a source to about 30 hours,
it wes sfill a2 mejor source of trouble and later
necesgitaeted o complete re- degign of the extraction
arrangenents. The total ion current from this source was

o

messured, using a colliector a short distonce below the exit

(5]
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cancl. ~ As ususl, an electrode was pleced zbove the
coliector to prevent secondary emissgion electrons from
leaving the collector. 4 number of measurements, made

e
/

=
ot

-t

h differnet bics voltages on the collector and The
electrode showed that, with the correct bias voltages,
the collector current was o true measure of the ion
current., A graph of the ion current and probe current
as a functidn of the probe voltage is shown in

Pig.TT (xvi). It will be seen thet the performance of
this source was quite satisfactory.

This source was ingivalled on the accelerator tube
and was used in preliminary tests of the focusing and
alignment of the cccelerator electrodes,

The original focusing system which had been
constructed to focus the ion beam from the source to
the first main accelerator tube was found to be rather
unsatisfactory. The design of the accelerator tube had
been teken, with only minor modifications, from a tube
which head been.operated successfully by the Philips
Compeny in Bindhoven in conjunction with an Oliphent
type of ion source. The first accelerator gap was at a
distance of about 50 cms. below the Top plate of the
eccelerator tube, on which our ion source hed to be
mounted, znd hence the beam had to travel this distance
with only the comparitively swmall voltzges, of the order

of 10 kv, which were aveilesble from the ion source power
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supplies. It was Tound thaet this was & difficult
problem, meinly becaﬁse of the space charge repulsion
effects in o low voltzge, high current beam. These
apece chérge‘effectg orevented the formation of a finely
focused beam at high current densities and caused a
large pert of the beam to stfike the accelerator
electrodes.

In view of these focusing difficulties a completely
new systemiwas developed for +the initial foéusing of the
beam., At the stme time a new method of extraéting-the
ions from the ion source was developed in order to over-~
come the sputtering troubles ﬁhich were responsible for
the short useful life-time of the source.

The final system which was developed end installed -
on the accelerator tube is shown in Fig.IT (xvii). The
principal change in the design of the ion source itself
is in the method of extrscting the ilons.  This method is
based on that described by Bayly and Ward (1948).  The
discharge tube A is mede zlmost flat on its lower end and
rests on the aluminium electrode C. The vacuum seal
between A =znd C is made with a rubber ring round the
outeside of the tuﬂe. A circulsr hole is ground in the
flat end of A and a circular lip, turned on the electrode
Cy projects through this hole. The sluminium canal E is

Tixed to the mein steel suvnporting plcote D and projects

into the central hole in +the .electrode (. The elecvtrode
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C is insulcted frow the plote D by mesns of o glass
nlate N, which is in the form of an annuler ring. The
vocuum seals between C, N and D zre made with rubber
Tings. The extraection volitecge is gpplied between the
electrode C and the canal E. The projecting lip on C
effectively replaces the probe used in the previous type
of source. When the extraction voltage is applied, a
dark space is formed abqve the canal, its'boundary with
the bright plasma of the discharge being approximately
henispherical and bounded by the upper edge of the
projecting 1lip on C. Thug the ions are accelerated and
focused through the cznal as before. However, with this
arrangement the extraéting field is determined soiely by
fhe metal electrodes and it is therefore quite unaffected
by sputtéring. It is, of course, still possible for
sputtered aluminium to reach the upper parts of the inside
walls of the discherge tube A and after a long time this
ccuges a reduction of the proton percentage because it
increases the recombination coefficient for'atomic
hydrogen to molecular hydrogene. However, the useful life
of the source under these conditions ig found to be =%
least 100 hours, after which time it‘is necessary to
remove the source tube and remove the aluminium depoait

with caustic soda solution. The construction of the

()

source mounting melkes the removal and replace.ent of tle

tube & comporstively simple metbter and the alisnment of
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the extroction electrodes is not disturbed in the process.
It wes found auring initisl experiments with this systen

g3

thet the exit currvent woas very sensitive

- 'L,
1z

6o the sligunient

o
,\_ 3

of the cenal in the hole in the electrode C, In the
final arrangement this alignment is made adjustable by
means of four screws tapped into en ebonite ring and
bearing on the periphery'of the electrode C, which is
otherwise free to slide relative to the glass plate N.
For simplicity only one of these screws L is shown in Fig.
IT (xvii). After the source ha been installed these
screws were zdjusted until the exit current through the
congl was a maximum. During this zdjustment the exit
current was measured‘by connecting all the accelerator
tube electrodes together and connecting a meter between
“them end ground. The top terminal of the accelerator
column wes, of course, also connected to ground during
this méasurement;

The hydrogen or deuterium enters the ion source
through 2 small tube let in through the plate D, which
leads into the space between D and C. For simplicity
this tube is not shown in Fig. II (xvii).

Before this source assembly was mounted on the
cccelerator tube its performence was tested in the usual
way. Tyosical curves of the total lon current emerging
from the canal and of the current flowing to the canal

are shown in Pig. II (xviii). It will be seen thet on
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ion current of 1300 micro-zmps is obtaeined with an
xiroetion voltage of 2.6 Kv and that the canal current
is of the order of & m a. A 1argé part of the canal
current is, of course, due to secohdary electrons.

The whole of the ion source assembly is insulated
from the maln steel top plate H of the ocoeLerator OOLumn
and is supported from it by the glass cylinder M. The
'focus' power pack, which supplies a potential'of‘up
to 14 kV, is connected between the plste D and the plate
H. Thus the ions are accelerated by this potential as
they pass across the gap between the cylindrical
electrodes F and G. It will be seen that this gap is
only & short distance below the exit canal E and this
distence is very much smaller than the focal length of
the lens formed by F and G. Thus this lens has very
little effect on fhe divergence of the ion beam leaving
the canal and serves merely to accelerate it. The beam
continues to diverge until it reaches the first main
accelerating gap formed by the cylindrical electrodes I
and J. The electrode J is supported from the plate which
is at the first junction of the accelerator column below
the fop. Thus s potentisl equal to that produced by one
stege of the H.T. generator is apnlied hetween I and J.
This potentizl is, of course, one-fifth of the total
potential produced by the generator aond therefore veries

from O to 160 kv as the genersator voltege varies from O



to 000 kv. Now the focal length of = ziven electrosiatic

lens is a Tunction of the voltege ratio V;/g‘ where V,
Ltage of the ilons before passing through the
lens end V, 1s their voltage afterwards. It is
independent of the actual values of V, -and V, provided
that space charge effects are negligible. The focel
lengths of such lenses as a function of the voltege retio
cnG the electrode diameters are known from work on electron
optics. (Epstein 1936).

In this applicetion it is necessary that the lens
formed by the electrodes I 2nd J should have g focal
1ength such thet it forms a rezl image of The exit cansl
E at the next accelerating gap of the ecoeleretor tube,
which is at o distance of about 1 metre below the Top
plate of the tube. Thus, to a first approximetion, the
focal length of this lens must be equal to its distance
from the canal. Further, this focal length must be
meintained at this velue over ®the full renge of voltage
over which the H.T. set is required to operaﬁe. Now
the useful range of the H.T. set is considered to be
from 150 kv to 800 kv, which corresponds to a range of
from 30 kv to 160 kv for the voltage between the

electrodes i end J. We denote this voltage by Vg o, the

s

extraction voltage of the source by Vz and the accelerciting

.Gio

i
{oT)
o

voltage between end G by V+ R Then the voltage v

J is given by:

!._I
o)
s

across the
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R= Vg + Ve + Vg, (9)
V+ + Vs

PR

To o first epproximation we can neglect Vg + Vy in

comporison with Ve and obtain:

R= Vg (10)

U o+ Vg

Now the normel maximum extraction voltage applied to.

jo))

the source is about 2 kv. The dimensions of the
electrodes I and J were chosen so that the calculated
Tocal length of the lens formed by them was equal to

ite distance from the canal E when the voltage ratio,

R, was equal to 15. If the H.,T. set is at its minimun
useful voltage of 150 kv, so thet Vg = 30 kv, then R
will be equal to 15 when Vg = 2 kv and V, = 0. As Vg

is increased, V4 may be increased at the same time to
meintain R at the required velue of 15. When Vg reaches
its maximum value of 160 kv, Va + V5 will require to be
approximetely 11 kv and hence Y* will be 9 kv. During

this process the voltage ratio across the accelerating

gap formed by F and G will very from 1 to 4.5 as Vg

fax=t

is varied from O to 9 kv. Over this range the focal

length of the lens formed by this accelerating gep is

considerably greater then its distence from the canel

and hence its only effect will be to form a virtual

imoge of the cenal which will be very slightly above the

o

actuel position of the canal and this will have s
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negligible effect on the focusing properties of the main
lens I J. In practice the 'focus' voltege V, is
removely convrolled from the beam room cnd is menually
cGjusted for optimum focus of the beam which finally
recches the tafget. It must be mentioned that the
voltaege ratios across all the subsequént accelerating
geps down the tube remain constent as the H.T. set voitage
, ;
is varied. This system is found to work in & very
satisfactory manner asnd gives a well focused beam over
the full required range of H.T. set voltage for total
beam currents up to zbout 300 micro emps. At higher
beam currents the beam becomes more diffuse and part of
it is lost by collision with the walls of the resolving
chember. This effect is a2lmost certainly due to the
effects of space charge repulsiop in the first stage of
the accelerator tube. However a fésolved proton beam
of between 150 and 200 micro-amps can be obtained at the

target, which is considerably more than that obtained by

previous workers on similar installations.
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IT (4). The Accelerstor Tube and Associched E Equipment.
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lectrode Design.

diagram of the accelerator tube is shown in Fig.
IT (xix). The‘acceleration of the' particles takes place
in five separate stages. This number of stages was
chosen because the H.T. generator provides five equally
spaced voltage points between ground and its high voltage
terminal. The mzin body of TtThe tube consists of five
sections of porcelain tube 12" inside diameter, 14"
outgide diemeter snd 20" long. The accelerating
electrodes are supported from steel plates mounted
between the junctions of the porcelaein tubes. The
vacuum seals between Tthe steel plates and the porceléin
tubes .are mede with rubber gaskets lbcated in grooves
in the plates. A leteral movement of the‘porcelain
tubes relative to the gsteel plates is provided bj The
adjusting screws which bear onto small brass shoes on
the outside of the tubes. It was found to be possible
to make small adjustments of these screws even when the
accelerator tube was evacuated, provided that the rubber

asltets had been well grecsed before assembly. This

o]

Facility proved to be of grect value in a2ligning the
electrodes. The external parts of the plates and the
adjusting screws are normally enclosed in smooth

cluminium sw»ninnings to reduce the electric field grodisnts
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Fig.II(xix). 'gection Through Accelerator Tube.



ace., These spinnings are connected across

resistonces. These resistances consist of 200, 50 ke,
carbon resistanoes connected in series and placéd ingide
2" diemeter pamolin tubes.

The accelerating electrodes themselves are made o
o standerd design which had been sucqessfﬁlly used by
llessrs. Philips. It Will'be'noted that each accelerator
Zap is surroﬁndéd by a shielding eleotrode,‘whose purpose
is to prevent.any surface charges which may become bullt
up on the Walls3of the.pdrcelain tubes from éausing
small random deflections of the beam. The first

accelerating gep, which is dif

ferent from'thé other Tfour,
has already been described in the preceding section. The
remaining accelerating gaps have much -smaller apertures,
the upper elegtrode of each gan having a 2" diameter
hole and the lower one a 1" diameter hole. This is
done in order to reduce the'seoondary electron current,
czused by bombardment of thé electrodes by stray ions,
to as small a value as possible. 

During the process of alignment of the tubé
electrodes the current to each electrode was measured by
meansg of meters inserted in the resistances connecting
the electrodes to the H.T. generator. For the sefetly

of the observer, these meters were observed through a

telescope! The =djusting screws on the steel plates

propricte spinnings on the generator throush 10 1L
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carrying the electrodes were adjusted for minimum current
to each electrode in turn, sterting from the top of the
column., It was found to be possible to reduce the
current to each electrode,except the first,to less than
20 microamps,with a beam current of several hundred
microamps. The current to the first electrode is
usually of the order of 300 microemps, but a considerable
prert of this current is probsbly due to secondary
electrons,whioh are able to treverse this section more
easily than the subsequent ones because of the larger
diameter of the electrodes.

After traversing the last accelerator gap the ion.
beam pesses down a 4" dismeter tube through the floor
of the room in which the H.T. set is housed and into
the beam room below. The megsnetic analyser and targed
arrangements‘will be described in the following section.

The whole system is continuously evacueted by means
of o 16" dismeter oil diffusion pump of standesrd design,
which is backed by & 4" diesmeter diffusion pump and a
Kinney mechanicel pump. Penning ionisation gauges and
Pirani gauges are fitted at the base of the accelerator
column and the top of the mein diffusion pump and their

associated meters are mounbted in the control room beside

the control desk of the H.T. generator.
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(b) The Power Column.,

o

The 1on gource power supnlies zre provided from o
seperate power column., This column consists of a large
paxolin tube 32" in diameter and 9! high. A generstor
is mounted in the spinning at the fop of this column aond
is driven from an induction motor at +the bottom by meens
of a leather belt. The generator provides 1.5 Kw of
A.C. power at 80 volts 2000 cycles and 500 watts of D.C.
power at 24 volts. This generator was available from
ex—Goverﬁment disposels and the D,C, power is not reslliy
required, it is only used for supplying the magnet coils
on the ion source. The 200 mos.osoiilator for the ion
source, the power packs Tor the probe and focus voltases
and the current for the palladium leaks,which control the
sup@ly of hydrogen or deuterium to the ion sourcejare
supplied from the A.C. output of the generator. It is
necessary to control thé probe and focus voltages snd the
palledium legk current from the beam room when the HI.T,
set is opereting. These voltazges and currents are
controlled by variecs situated in the spinning on top of
the power column, which are driven by nylen strings Ifrom
pulleys &t the base of the column. These pulleys are,
in turn, remotely driven from control knobs in the beam

room by means of Selsyn motors.
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(c) llagnetic Anelyser and Terget Avrangenents.

]

We have glrecdy seen thot the beam of charged
noerticles from the ilon source conbtains a number of
unvanted lons as well as the protons or deuterons which
ere required for disintegration experiments. In order
to separate the protons or deuterons from the pther
types of ion we use a megnetic analyser.

Using the nomencleture of section I 5(a), we have

seen thats

!

Now if a particle of cherge Ze 1is cccelerated through a
potential difference V volts it acquires a kinetic

energy E electron volts, where: £= VZ

Thes Hp = [2w

‘ Ze

Thus we see that if a beam of particles is accelerated
through a fixed potential difference V, we can sepearate
out, by magnetic deflection, particles having different

slues of 1I/Z. This enables us to separate the atomic
ions from the associated molecular and‘triatomié ions of
the same gas. However it must be noted that the deuteron
has the same velue of M/Z as the hydrogen moleculer ion
ond hence these particles are not separated by magnetic
anelysis.

The principles involved in the design of =z megnetic



enelyser for this purpose are very similar to those
discussed later in this thesis (Section IIT (1) ) in

4

connection with the design of 2o megnetic spectrometer
for energy measurenents on charged particles. The beam
of particles is initially parallel in this case z2nd hence

we can obtain focusing of the beam by employing the type

Fh

of deflection shown in Fig. IIT (1).' The choice of the
velue of the angle of deflection, @, is determined by =
nunber of factors. | The velue of 90O hes been used in
e number of installations of this type. It has the
adventage that, with a verticel accelerator tube, the
emergent . beam is horizontal, which is convenient for
meny experimental arrangements. However the beam is
then focused at the point where 1t emerges from the
megnet poles and diverges after that, with consequent
loss of beam current per ﬁnit area 1f the target. must
be placed some distance away. Also,‘this type Qf
deflection involves the use of a ra%her large megnet.
After = careful consideration of all the factors
involved we finally decided to use a deflection angle of
30°, A schematic diazgram of the resolving chamber is
shown in Fig.II (xzx). It will be seen that circular
magnet pole pieces are used and the whole system is

made symmetrical about the axis of the beam. Thus the

ct
[

he left or right hend

proton beam can be deflected to
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Fig. II(xx). Schematic Diagram of Resolving Chamber.
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terget vorts by simply chenging the direction of the

current through the e net colls. This ellows a

. N
¥

repid

q

chonge~over to he mede between two separate

exneriments without the necessity of chenging the
target =nd Tthe associated expérimental equipment. A
flep-type vecuum velve is placed in the beam tube
immediately above the resolving chember so that the
chamber can be filled'with eir when it is necessary
to change a terget, without letting eir into the
accelerator tube. The chember can be roughly
re-evacucted viag a'by—pass tube from the backing pump
before opening the flep velve,

The current for the deflecting magnet is supplied
from 2 small 60 volt 2000 cycle generstor via a
rectifier and stabiliser system essentially similar
to that designed for the H.T. generator., This system
was originslly designed to work from the 50 cycle mains,

but it was found to be difficult to reduce the ripple

voltage to a sufficiently low level.



Pert ITIL. Instrumenis for lleasurements on Reaction Producis.

IIT.1. The Hecvy Perticle Spectrometer.

(a) Fundemental Considerations.

We have already noted that the method of magnetic
enalysis has many advantages for the detection and precise
negsuresent of Tthe energy of the heavy cherged particles
emitted in nuclear reesctions. We now consider the design
of a gpectrometer for this purpose.

The principle requireuments of such a spectrometer are
(a) 2 high degree of resolution in energy and (b) a lercge
solid angle for collection of particles leeving the target.

t is 2lso desirable that these requirements should be
achieved with a magnet of reasonsble dimensions.

In order to achieve the maximum resolution and solid
angle with s magnet of given size it is necessary to
utilise the focusing properties which are inherent in the
deflection of cherged particles in a magnetic field, e
consider first the property of first order foouéing in the
plene of deflection of particles moving in a uniform
megnetic field. The well-known case of 180° focusing,
with +the source =nd collector both in the region of the
field, is & specizl case of this general property. Let us

. . . - . . P Toen 4=
consider the case illustrated in Flg-III.(l). Here the

mnegnetic field hes the uniform value H over the region
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Fig.III(i). Focusing of Parallel Beam by Wedge-Shaped Poles.



encicssd DY vae dlines 0L ond O cnd hos the volue zero
over Tae regiocn outside tvhese boundaries. Suppose thal
o chorged perticles is incident normally
- s - - D e A 4
on vhe voundcry 0L end Thot DA ond D A are the paths of
R 3 LI 4 = ’ A DN >
two such porvicles, where AA = Z,.  After entering the
he particles will treavel in circular peths

of rgzdius p , given by the relation defined in section I.5:-

e - {22

Kow let H be za2djusted so thet L= OA. The particles will
then trocvel slong the circuler zrcs AC and A’C,' centred on
0 znd 0 respectively, where 00" = aa’ = z, . After
lezving vhe Tield region the perticles will travel along
ht iines CS and C'S, which ere tangents to fhe

]

arcs AC and AC’ respectively. We assume that Zo4% p and

the strei

consider the triangle BC'C, where B is the intersection of
2 line through C’/ parallel to OL with the arc AC.
n
Let: TLOM = @
& A
then: BC'C = LoM = O

Also: BC = 00" = Z

. A 0

and sinces BCC™ = 90
e’ = 2z, eos @ (1)

50 = 66 = Ztos® (2)
SC SC

A,
-- CSC

i

[
/
Wow since SC and SC are tengents at C and C
~ :

W4
oc“0’= csc = 88



HOW I Twllg

. A F 4 -
since 0 OC° = 1680° - @ 2nd $O

[27]
o b
§oud
o
[1
‘

L4
H
i
(]
<4
(w5}

amall,

M

f-te

5
)
|
.
<

Tence: JP= _Z 300 (3)

~ o~ 7 - = #
Thus Fronm (1) =nd (2)

cot O (4)
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Kow et S0C = 4 znt consider the triangle S0C in

- ten f = ﬁCOtO from (4)

= 90° ~(5)
nat, since the relations (4) and (5) cve

, 211 the particles which are initially

cirections parzllel to DA will be focused at o
zoin% 3 which lies on Hhe normzl to OL through the point O,
srovided Thel Z,« L
Now 2% e clenr Trot the poths of the perticles are
R T i ‘t 0 Y= B Ty —‘:f: - "i A
ve hove a polnt source oL POruvleLedn
5 ther She norticless lewving 8 in directions moliing ceedl

s o oparodlel beom afber passing
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We can now oowiy thin trectuent to the cose shovm
in Fig. III (2). llere we hove the mo mnetic field cony ined
in the wedge shaped region defined by the lines ON =nd 0,
each of Which meke an angle @ with respect to OL. Then
it is clear that the particles from a point source S will
be focused 2t the point s/ sy Where S0s’ is the line through
O normel to OL. We are agelin only considering particles
which lesve S in directions near to SD, where SBO = 90°,

We can now consider the deslign of spectrometers based
on this focusing principle. The specisl case when 20 =
180° is the case of '180° focusing' which has been widely
used in spectrometeré for both p-rays end heavy charged
particles. This type of spectrometer is not particulcriy
convenient for messurements on nuclear reactions beccuce
of the difficulties involved in getting thé incident »roton
or deuteron beam onto the target, which is inside the
nagnetic field of the spectrometer. However, these
difficulties are not insurmounvable znd can be overcoie
by bringing the incident proton beam onto the target through
a2 hole in the megnet pole, so that it travels parallel
‘the direction of the magnetic field and is not deflected
by it. This technigue has been used by Buechner et a2l
(1948) in the design of a spectrometer of high precision.
Such o spectrouweter hos the cdvontase Thot it is nozaible
To mzke absolutve measurensnts of the norticle energlies DY

megsurement ol the mosmetic field ond Tthe dlstance between
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Fig.IIT(ii). Slit to Slit Focusing by Wedge-Shaped Foles.
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the source and the collector. In the case of a
spectrometer of smaller deflection angle, with the source
and coliector outside the megnetic field, the effects of
the fringing fie;d meke a precise absolute calibration
very difficult. = With this type of spectrometer it is
usual to calibrate the instrument by the use of perticles
of known energy. A spectrometer of this type with a
deflection angle of 90° has been described by Burcham
(1949). |

The spectrome%er which has been used for the
experimental work described in this thesis was constructed
to suit a magnet which was availeble in the laboratory.
This-magnet hed circular poles 4" in diameter and was
capable of producing & field of ﬁp to 11,000 gausswith a
gap of 2 cms. For the experiments planned at the time
it was necessary to measure the energy of élpha—partioles
up to at least 2 MeV. This meant that the spectrometer
had to be designed so that the rsdius of curvature/p of
the peths of the particles was not less than 15 cms. With
this radius of curvature the maximum deflection angle
allowed by the size of the magnet poles was of the order
of 450. If we consider a spectrometer of the type shown
in Fig.III (ii) withp = 15 cms. and 28 = 45° we find thet
SD = SC = 34 cms. Now we can see from the geometry of
Pig.IITI (4ii) that the solid engle of accepbtance of the

spectrometer will be given by:

2, tos 8 y
Q, = S - o




winere 1 ig the length of the collector slit morual to the
plene of the disgream. If we cssume tholt Zy and l? are
both node egual to 2 cms, which ore of'the order of
megnitude of the velues allowed by the dimensions of the
megnet poles, then we find that £, = 1/500 steradians.

We now consider a spectrometer of the type shovn in
Fig.IIT (1), where S is now the source of particles and
a collimator is plsced in the region DA in front of the
coliector o select only those perticles travelling in
directions parallel to AD. Then With,o = 15 cms, and
8 = 45° we see that SC = 15 cms. The solid angle L2, is

given by:

_Q‘z = Z, Cos © x l
sc Ssc+ 09 +d

where £ is the width of the collector normal to the plene
of the dizgrem and d is the distence of the collector from
the point A. If we put z= A = Z2cms as before and
.make d = 12 cms, which is a reasonable prectical length for
the coliimator, we find thatlllzzl/ioo steradians. Thus
this type of spectrometer should zive a solid angle
approximately five times as large as that given by a
conventional wedge spectrometer with the same megnet poles.
It must be noted that in order +to obvain This result it is
necessary 1o use a collector which is sensitive over the

full zrea of 2 cms. squeare. Murthermore 1t has been

-

agssumed thot the collimator will be 100% ansparent to



icles travelling perellel to the selected directilon
and thov the focusing is perfect, so that mono-energetic
perticles from the source will emerge in o parallel becii.
However it wes felt to be worthwhile to construct such =
spectrometer since it was different from any previous
design and should be at least as good as the conventional
wedge tType.

The sgpectrometer which was asctually constructed is
shown in Fig.III (iid). The beam of bombsrding particles
from the accelerator tube passes through the slit S and
strikes the target T. The target is weber cooled and
insulated from ground so that the target current can be
measured. The terget is surrounded by =an insulated tube
A which is normally maintained at & potential of gbout
~100 volts with respect to ground in order to prevent
secondary electrons from leaving the target. The incident
particles pass through a circular hole in the upper side of
this tube and the reaction particles emerge through wide
slits at the end of it. The mein body of the saectfometer
congists of an iron tube B, which is soldered to & tube C
of rectangular cross section fabricated from sheet brass.
This rectanguler tube fits between the mognet poles and is

o
L

redius ol

o

bent in curvature of 19 cus. A second iron

-
L

tube D is soldered to C =2nd conteineg the collimotor E.

! ~

This collimstor consists of thin sheets of mica 10 cms long

with o evecing of .30 cus. The mica ie suificilently vhick
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to stop nrotons or alonhe nert

+

icles of tThe energies with
which the spectrbmeter czn be used, but its thiclmness is
negligible in comperison with the spacing between the
sheets. The cut-off angle of‘the collimetor is *+2°.
Two types of collector have been used for detecting the
particles cfter they emerge from the colllm Tor. The
originel detector consists of a2 zinc-sulphide screen with
a photo—multipliér placed behind it to detect thé light
pulses emitted when the particles impinge on the screen.
The electrical pulses from the multiplier are then
amplified and counted in the usual way. The. second type
of collectbr_consists of a proportional oounter'anq is
shown in Pig.III (iii). The window between the counter
and the spectrometer consists of a thin collodion film
of about 3 mms. air equivalent thickness., This film is
supported on a grid which Was made by drilling 1 mm.
diemeter holes as closely spaced as DOSolble in the brass
plete. This grid has = trensparency of 45%. The counter
is fllied differentially in 51 tUu.with pure methane to a
pressure of about 5 cms. of mercury. It operates with
a potential of about 1200 volts on the central wire and
the pulses are 5~ssec Tthrough a linear amplifier and
amplitude discriminator to & scaier.

It was found that a considerable number of scattered
nrotons were able to recch the coliector even when the

masnetic Field was very much higher thaon the value gphropriate

=



o the energy of these protons. This effect is

e 1.

presumably due to multiple scetiering of the protons at
the walls of the specitrometver. The number of protons
elastically scatitered from the target is, of course, mony
orders of megnitude larger then the number of reaction
perticles produced. In The case of (pfx ) resctions, it

is possible to discriminzte ageinst the background of
scettered protons by means of the pulse amplitude
discriminator. The proportional counter was found to

give a very much better uniformity of pulse size for mono-
energetic alpha-particles than the scintillation counter

and for this reason it was .used in most of the work
described in this thesis.

In the propor%ional counter the pulse size due to

alpha particles of the order of 1.5 MeV is about three
times the maximum pulse size due 1o scéttered protons and

is constant to better than 20 It is therefore possible
to set the discriminator so that the effect of the scattered
protoné iskcompletely eliminated, whilst maintaining 1004
efficiency for counting the alphsa particles. Typical
curves of counting rate ageinst discriminator setting ere
shown in Tig.III (iv) for both types of collector and
clearly indiceote the superiority of the proportional counter
in this respect. It must be emphesised thot this result is
only achieved a2t the expense of a reductlion of the erfiec

solid cngle of the spectrometer by & foctor of 454 due to
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the presence of the grid supporting The counter window.
In order ©to attain the meximum possible field over

the recuired erea with the megnet cveiloble, snecial pole
pieces were constructed. A cross section vhrough these
pole pieces is shown in Fig.III (iii). They were
constructed by turning a ring of low carbon steel.to the
cross-section shown, with a mez ~adius of 15 cms., and
then milling two 45° sectors from this ring. Shims were
fitted Yo the edges of the poles to improve the constancy
of the field over the cenﬁrél region and were adjusted
experimentally until the field was constant to better then
1% over radizl distance of ¥ 1 em. from the cenbral radius.

“ The mognet current is supplied from a generstor and
is stebilised a2nd controlled to an accuracy of about 0.1%.
The current is measured by meens of a 15 amp. meter and
can be measured to an esccuracy of about 0;2%. A careful
calibration was made of the magnetic field égainst the
magnet current by means of g fluxmeter and this calibration
has been used in all subsequent work to convert magnet

current readings to equivalent fluxmeter readings. In

order to reduce hysteresis effects the magnet current is

elweys raiged to its meximum value cnd then reduced to the
required velue before taking e reading. In order to ncke

te calibration of the spectrometer the zlpha
_ ) ” R _
nersicles from the resction F (/n,d) O viere used. This

reactvion proceeds to a number of excited states of O as



1

(o

well as to the sround stabe. The alphs perticles used in

Tthis calibration were those which lead to en execited stote
of 0" o3 6.13 eV, The Q-velue for this trangition hos
been measured by a number of Workefs and the best mean
velue is 1.977 leV. A narrow resonance with a comparitively
high yield for this resction occurs &t a proton energy of
340 keV. A Thick target of cealcium fluoride was bomberded
Withbprotons whose energy was just sufficient bo produce the
full thick target yield of the reaction. The specirum of
the resulting alpha particles is shown in Fig.III (v). The
velue of the flux at the maximum of this spectrum was 59.2
and the calculated energy of the alpha particles was 1.037
MeV. Now we have seen that the H,o velue is proportional
to the square root of the energy of the vparticles and if we
assume that the fluxmeter readings F are proportional to H/o
and that/o is constant we have F =IK/FE. where K is
constant. T'rom the above measurement the value of K was
calculatéd. The value of E for a group of particles of
unknown>energy can then be calculated from o measurement of
F, the fluxmeter reading ot the peak of the specﬁrum; For
convenience a graph of F ggeinst E was plotted, from which
the values of E could read off directly.

The spectrum of Fig.III (v) illustrztes the resolving
power of the instrument. It will be seen thet the width
of the peak at half amplitude is 6.1%. This is in good

agreenent with the value of 6% czleulsted from the geometry
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of the collimstor cnd the width of the target. It is

estimeted thet the centre of the peck caen be measured to

£

P . . + .,
en sccurecy of ¥ 0,5% in flux, which corresponds to _ 1%

in energy.



I1T.2., The Gemng~Ray Spectrometer.

e

The basic principles involved in the measurement of
the energy of gamue-raoys hove clreody been dis ussed in
section I.5. The speotrometer which wes used in the
experimental measurements described in part IV of this
thesis was designed and tested by Dr.E.R.Rae. | However,
for the sake of completeness, we shall give o brief
description of the spectrometer and the way in which it
was used in the present Work. |
The general errangement of the target and pair

spectrometer is shown in Fig.III (vi). The resolved bveanm
from the accelerator tube emerges from the resolving
chember down the axis of a2 glass tube inclined at 300 to
the vertical. A shellow water-cooled brass cup is sealed
by a demountable rubber gasket joint to the end of this
tube. Targeté are normally preparea on thin brass or
copper discs, which are clemped to the inside of the cup.
The cup is insulated from ground and is connected to the
input of the current integrator.

A Geiger counter with thick aluminium walls is mounted
at a fixed distance from the térget and was used to monitor
the gamme~ray intensity. All runs were made for a fixed
number of counts in this counter. The current‘integrator

readings were used mainly to check target deteriorstion.

he vecuum chember of the spectromebter consists of a

iy
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circular copper cylinder 12" in diemeber cnd 24" long,

with circuler steel end plates 14" in dicieter ond 3"
chick seclied to the cylinder on one gide with a soldered
joint end on the other with a rubber gaesket. The gziumg=-

rays from the target are collimated by the lead shielding
blocks end zllowed to fgll on a thin leed foll placed at
the centre of the vacuum chember. This foil is mounted
on a light freme which can be rotated sbout an axis through
one edge by means of & rod passing through a rotary vacuum
seal. Thus it is possible to teke measgurements of the
background coincidence counting ra tes by rotating the foil
through 90°, so that 1t lies ageinst the vertical end
pletes of the vecuum chember. These background rates were
negligible when measurements were made on proton induced
reactions, but were often serious in deuteron induced
reactions because of the difficulty of providing adequate
screening of the counter from the gamma reys produced by
the accompanying neutrons.

The chember is placed between the 12" dismeter poles
of an electro-magnet of convenbtionsl design, which provides

a field of up to 7000 gauss This field is sufficient to

-

megsure gamme~ray energies up to 30 1eV. The field is
megsured by meens of g £lip coll and fluxmeter. The
reletive accuracy of this measureuent is estimzated to be of
the order of 0.3%. An zbsolute celibration of the

ingtrument was made by measuring the svectre of the gouima



ny
rays from IMluorine and Li%hium under proton bomberdment énd
wili be described later. A megnet burrent of 50 amps 2t
50 volts is required cnd this is supnlied by 2 D.C.
generator, The current is stabilised and controlled to an
accuracy of 0.1% by a feéd—back circuit operating on the
field current of the‘generator.

The électron—positron peirs, which are ejected pre-
dominantly normel to the lead foil by the gamma-rays, are
deflected through 180° by the megnetic field and detected
by two sets of five Geilger counters placed in the plane of
the foil, but screened from direct gamma-radiation by the
lead blocks. These counters have windows of 0.001" conner
foil to allow the electrons and positrons to enter %hem
with a minimum of scattering. Baffles are placed in the
vacuum chamber to reduce the background due to electrons
produced by gamma-rays from 01,5) reactions in the counter
walls and the lead shielding behind them, which could
otherwise traverse the spectrometer end cause spurious
coincidences.

The output pulses from vhe counters are fed via
cethode cathode followers and shaping circuits to twenty-
five coincidence circuilts, each with o resolving time of

g

about 2/&S¢CS. The errongement of these circuits is

<

shown in the schemaitic disgram of Fig.III (vii). The

output nulses from the coincidence circulits ere grouved

into nine different eneryy chonnels, o8 shown in Fig.III (vii),

C JRL S



Fig.III(vii). Pair Spectrometer and Counting Circuits.
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end the output of each' chennel is recorded on 2 mechenica
counver. These counvers are switched on and off by =
master control unit, The output pulses from the monitor
Geiger counter =re recorded on a scale of 100 znd the
output of this scaler is used to operate the ﬁaster control
ﬁﬁit. Thus ali runs can be made for a fixed number of
monitor counts.

In measuring o particular gemme~ray spectrum a series
of runs are ususlly made at g sequeﬁce-of vaelues of the
magnetic field %o cover the desired energy range. Bach
megnetic field settihg gives counts in nine different energy
channels, the spacing between ohannéls corresponding to H.0%
of the Hﬂ' value of the centre channel. The interval
between successive values of the megnetic field is ususlly
of the order of 10% or less, so that there is considerable
overlap between thé runs. The results sre then normalised
for channel number znd flux and plotted as a function of
the mean lﬂ° value of a single particle. The precise
energ§’bf a particular gamme ray is determined from the

value of the helf amplitude point on the high energy side

of the peak, as this point can be measured more accurately

.

-

than the foo velue of the peak itself and slso should be
lesgs dependent uvon the effects of scabttering cnd energy
loss in the foil. An enelysis similar to that of Walker
and McDaniel (1946) shows that o relation of the Tform:

k = 600 Ha(l + 2.5/‘7,‘,,)



1ig.

should be accurate to within 0.5% over the energy range
from 3.5 eV upwerds, where k is the energy of the gomme-
ey s and/a the rest energy oif an electron. Wo ebhsolute
calibrztion of the fluxmeter coil was made. It was
assumed thaet the fluxmeter readings were proportionzl to
the magnet field, The spectra of the 6.13 eV gemma rays
from the 340 keV resonance of the reaction T’ (/n,d, ¥ )oi‘
and of the 17.6 lMeV gamma ray from the 440 keV resonance
of the reaction 137(r,3')3;3 were measured and used to
calculate The oonvefsion factor between fluxmeter readings
and Hp values. Thé velues of tThe conversion factor
obtained from the two measurements differed by only O. SP
and the mean vslue was used in the culculgulon of
subsequent results.
. ' 9 %

The spectrum of the 6.13 MeV gamma rays from F (/5«,?)()

is shown in Fig.III (viii) to illustrate the resolution of

the spectrometer.
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Pert IV. mxperimentcl liecsureunenss on Nuclear Reﬂoulono.

IV.l, The Reocwion i’ + Do

The capbure of protons by 1i’results in the formation
£ the compound nucleus Bel . The excited Be® uucleus ca
then decagy by the emission of two alpha-particles or by the
emission of gemma-~rediation to the ground stéte or to lower
excited states of Be¥ An energy level disgrem which
illustretes these processes is shown in Fig.IV (1). If the
excited Be® nucleus is formed in = state haeving angulaer
momentum and perity values such thet the emission of two
alpha-particles is sllowed, then this process will tske
place, since the 1life time for alphe~emission of such high
energy will be many orders of magnitude shorter then the
~for the emission of gaemma quantza. However if; for example
an excited state of Bet is formed with an odd number of
units of angular momentum, so that alpha-particle emission
is completely'forbidden; then the stete can only decay by
the emission of gamma-radistion. The re-emission of a
proton is, of course, elways allowed, but this will simply
- be observed as elestic or inelastic scattering. The

emigsion of gamme-~rediation with energy of the order of
17 eV from the bomberduent of Li7 with protons has been
observed cnd mecsured by a number of workers. This
redistion has been found to show a strong resonant

excitation at a proton energy of 440 kev, the width of the

resonance belng about 11 kev. This radiation is assumed



Fig.IV(i). Energy Level Diagram for Be’.
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to come from s level in Be® &% about 17 liev above the
ground state, which has sngular momentum and parity values
which Forbid The emission of two alpha-particles. marly
soamme~rey spectrum (Delsasso et a2l 1937)

measureisients oi the

O

‘'showed & strong line at about 17 lieV and indicated the

presence of radiation in the region of 14 eV, but the
resolution of the methods used were not fficient to

définitely establish'fhe presence of this lower energy
rédiation. However, in 1948 Wglker and licDaniel made =z
precision megsurement with thelr newly-developed palr
spectrometer and established that the radiation consisted
of & sherp line at 17.6 MMeV and a2 broad line centred at
14.8 Mev with an energy width of zbout 2.1 lMev. The

most reasonable assumption for the presence of the 14 IileV
rediation is that it is due to & transition to a.broad
level in Be® ot about 2.8 MeV above the ground state.

The presence of such a state had elready been suggested by
the measurements of Dee and Gilbert (1936) on the reazction
.BﬂT(P',q ) Bes « This level must decay either Dby the
emission of two alpha-particles or by the emission of
gamna~ray. The width of the level suggests very strongly
that the former process takes place. The emission of
alphe perticles of the order of 1.5 llev was searched for by
Rumbesugh et ol (1938) following the gamma-rey messurenents

of Delsasso et 21 (1937). However, these workers used the

renge method of meessurement and the presence of the scattered
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protons, whose meximum renge is sluost equal to that of
1.5 llev glphe~particles, prevented observation of the

!

alpha-~porticlies.

ATbter the publicetion of the resulits of Walker and
McDaniel we decided to search for these alphe-perticles
with the magnetic spectrometer described in section III (1).
Preliminery measurements were mede with a target of normael
lithium but the presence of the intense group of alphae-
particles from the reaction 11 ® (/1,0( )He3 prevented
observation of the particles from 117 . A separated
isotopic target of i’ was therefore obtained from A.E.R.E.
Harwell, With this target alpha-particles were obgerved
with an energy of the order of 1.5 Mev which showed a
resonant excitation very similar to that for the gomma-rays.
The final results are shown in FPig. IV (ii) snd Fig. IV (iii).
These measurenents were made with a lithium hydroxide target
of thickness equivalent to about 15 kev for protons of
500 kev. Fig.IV (ii) shows the excitation curve of +the
alpha particles and the gemme-rays as a function of proton
energy. For this measurement the magnet current of the
spectrometer was set to the value corresponding to the
meximum of the alpha-particle spectrum. It will be seen
thet the excitztion curve of the slpha-perticles is almost
identical in shepe with thot of The gemua-rays, providing
strong confiruction that the same highly excited level in

8 . . v an
Be is involved in voth vrocesses. The spectrum of
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2lvhe-perticles, btaken at a provon energy corresponding

e

o)
the meximum of the excitation curve, is shown in Fig. IV (iid

3 PO
¥

It will be seen that the speotrum,éhows g broad groupn with a
maximim ot an energy'of 1.0 Ilev and an experimentel wicth ot
“helf amplitude of 1.2 Mev. The energy width after cllowcnce

has been mede for the finite résolution of the spectrometer

is 1.05 lev.

In order to calculate the position and width of the
energy level in Be? from this data it is necessary to meke
allowance for the momentum of the incoming proton and of the
outgoing 14.8 Mev. gamma ray. The effect of the momenitum
recoil due to the gemma rsy is negligible on the position
of the maximum energy but has an appreciable effect on the -
energy width. If we assume that the angilar distribution
of the gamma-ray is isotropic (Devons and Hine 1949) then we
can calculate that it would oontfibute an ehergy width of
about 400 keV to é homogeneous group of alphe-particles of
the energy observed in this experiment. If we call this
width ¥ znd the true width of the Be' leveldly , then the
observed width I~ of the spectrum of single alphe-particles
should be given by:

I_'z = f-'lq- 11 . (l)

[4]
Teking the observed velue of £ +to be 1.05 liev we obtain =

velue of 0.97 Mev for f;° =nd hence = value of 1,94 Mev for

e .y o z . Do s
2 [, the true width of the Be® level. This is in good
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agreemnent with the velue of 2.1 lev obwained by Walker ond
liccDaniel (1948) from the gaima-roys. From ©the energy of
1,5 Ilev for the maximum of the group and the proton
bombarding energy of 450 kev we celculate the position of
the centre of the level in Be® o be 2.7 Mev above the
state of two free alphe-particles. The best velue for
the energy release in the disintegration of the ground
state of Be® into two alpha~particles is 0.09 lev
(Tollestrap et al 1949). Teking this velue, we obtain
an energy of 2.6 Mev for the position of this level above
the ground state of Be ® s which is in reasonable agreement
with the value ‘of 2.8 Mev found by Walker =nd MecDaniel.

A similer investigation of this reaction has been
mzde by Burcham and Freeman (1950) and their results are

in satisfactory agreement with those présented here,
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V. 2. The Reactions B8 + 4 and B" + d.

(a) The Gemma~Reys =nd their sssignment.

The reactions induced in the two isotopes of boron

. by deuteron bombardment have been studied by a variety of
methods and heve yielded z considerable amount of
information on the energy levels of the various residual

n n
and C .

nuclei involved, namely Be * ,IBe’ ’ B" ’ B'z, C
The gamma-ray spectrum from the bombardment of natural
boron, which consists of 805% B ' and 20% B" , has been
studied by Gaerttiner et al (1939) and Halpern and Crane
(1939) by the cloud chamber technique discussed in
section I.5. However, because of the complication of
the spectrum and the comparitively poor resolution and
statistical accuracy inherent in the experimental method,
it was difficult td assign the observed gamma rays to
particular reactions with any degree of certainty. It
was therefore deéided to investigate theée gemma~-rays with
the gpectrometer described in section III 2. and to use
separated iSotopic targets of B'® and B" +to assist in
the interpretation of the results.

Measurements were first made with a target of natural
boron in order to obtain a direct comparison with the
earlier work. The target was prepered by making a paste

of finely powdered amorphous boron in alcohol and allowing

it to evaporate on a brass plate. The target was



bombarded with 600 keV deuterons in the manner described
in Section IITI 2., and the meesured gamma-ray spectrum is
shown in Fig{IV (iv) .At the time of this measurement the
spectrometer had not been fitted with the baffles
mentioned in Section III 2. znd the background coincidence
rate due to neutrons was of the same order of magnitude as
that due to pairs produced by gemma-rays in the foil. This
background was subtracted to obtain the true spectrum
shown in Fig.IV (iv), but, as a result, the statistical
errors were rather large. |

A target of B fo s prepared in the Harwell electro-
magnetic separator, was then bombarded with 600 keV
deuterons and the measured gemma ray spectrum is shown in
Fig.IV (v). The background was considerably smaller on
thiskrun, partly becsuse of the very much smaller neutron
flux from the B'o (d,rr)c" reaction as compared with that
from B (dsh)e' , and partly because of the baffles
which had been fitted to the spectrometer. The gamma-ray
yield was also greater because of the use of an isotopic
target. The statistical accuracy was, therefore, very
much better on this run than on the previous one.

A third run was made with a target of separated B"
under similer conditions and the gamma-ray spectrum is
shown in Pig.IV (vi). The background on this run was of
the order of one third of the true coincidence rate at the

peak of the spectrum and has been subtracted to give the
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spectrum shown.

The results of these three runs are summarised in
Table I, together with the meagsurements of preViéus workers
on the same reaction. It will be seen that the majority
of the high energy gamma-rays from B + d reactions are due
to the B'® isotope and that B” + d does not produce any
gamma rays of energy greater than 4.44 MeV. The spectrum
from B'" + 4 is clearly complex in the region between 6 and
7 MeV and is not completely resolved. Howéver, both the
B + d and B + 4 runs indicate two»gamma—rays of the same
order of intensity at 6.4 a2nd 6.7 MeV. There is also a
pronounced 'tail' on the high energy side of these peaks
which suggeéts ﬁhe presence of a gamma-ray of smaller
intensity at about 7 MeV.

| We can now consider the interpretation of these
results. In the case of B" + 4, three reactions are
energeticaliy possible as shown in‘the energy level |
diagram of Fig. IV (vii). These are: B'° (d,[\)B" ,
Q = 9.24 MeV; B (d,«)Be® , Q = 17.8 MeV; and B™(d,n )",
Q = 6.53 MeV.

The reaction B (d,[\)B"'leads to a number of
excited states in B" . The most nrecise measurements of
the energies of these proton groups have been made by
Buechner and his co-workers using 1.5 MeV deuterons, and

his resuits are shown in Table II, which are taken from

the recent review by Hornysk et al (1950). These results
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were not zvailable at the time at which the present
measurenents were made. We elso include in Table II the
‘results of meessureuents on these vroton groups which were
mede with 600 keV deuterons and will be describéd later
in this section. It will be been that the energies of
the measured gamma rzys at 4.5, 6.7 and 8.9 MeV are in
good agreement with the energy levels predicted by the
three most intense progon groups. The intensities of
the remaining proton groups are too small to give
observeble gamuna-rays in this work, but the proton group
corresponding to the 7.3 eV level is almost certainly
responsible for the shape of the gamma-ray spectrum on
the high energy side of the 6.7 MeV peak.

The B'® (d,«)Be ® Lesction is known to lead to

levels in Be8 at 7.5 MeV and 2.9 MeV. (Smith and Murrell

1939) but it is almost certein that these levels decay
with the emission of two alpha-perticles and would not,
therefore, contribute to the observed gamma radiation.

The neutrons from B'W (d,h)C" have been studied
by Gibson (1949) at Ed = 0.93 eV and by Swann and
Hudspeth (1949) at Ed = 1.4 LeV. The former find neutron

groups corresponding to the ground state and to a 2,0 MeV

. . n X . s o
excited state in € . The letter find evidence for only
. n a T 7
two levels in € at 4.5 and 6.7 eV, but there is a
possibility that the corresponding neutron groups were due

to contamination. If a level exists in the region of 6.7




137

MeV itkmay be responsible for the complexity of the gamma-
ray spectrum in this region. Cur results would be better
explained by o level at 6.4 HMeV, but this is not outside
the experimental error of the measurements of Swann and
Hudspeth.

We may summarise these conclusions by saying that the
majority of the high energy gammea rays from B' + 4 arises
from transitions between excited stztes of B" and the
ground state, following the B ‘e (d,[\)B" reactioh, but
that there may be some gamma-radiation of energy about 6.4
MeV from the B (d, h )c" reaction.

In the case of B" + d, we must consider the reactions
B" (d, n )c"’, Q = 13,78 1leV; BY (d,p.)B'L y @ = 1.06 leV gnd
B* (d,at)Be’ y @ = 8.03 MeV., as shown in the energy level
diagrem of Fig.IV (viii). The first rezction has been
recently studied by Gibson (1949) and is found to yield
neutron groups leading to excited states of C'z at 9.72 p
0.15 eV and 4.47 £ 0.10 MeV with relative intensities of |
0.67 : I; The second group corresponds well with the |
gamma~ray energy of 4.44 : 0.05 MeV measured in this work.

However, there is no evidence of a gamma-rey at 9.7 MeV,

This is not unexpected, since this level can decay by the
emission of an alpha~perticle to the ground state of Bea‘,
with an energy release of 2.3 leV and one would expect the
lifetime for this'process to be very much shorter then thot

for emission of a gamma-ray. The possibility of a cascade I
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transition through the 4.5 eV level seems to be ruled out
by the fact that a gemme ray of energy 5.2 lMeV is not
.Oobserved.

The resction B" (d,,t)BIL need not be considered
beczuse of its low Q-value. The reaction B"(d,« XBeq
has recently been studied by Ven Patter end Buechner
(Hornyak et al 1950) =and has been found to lead only to
the 2.4 eV level in Be? . It would not, therefore, be
expected to contribute to the gamma radiation observed
in this work.

We may summarise these conclusions by saying that the
high energy gamma-radistion fronm B" + d arises from the
trensition from fhe 4.471eV level in €™ +to0 the ground
state and thet the 9.7 MeV level in €" decays by alpha-

particle emission to Bel .

(b) The Proton Groups.

We have already'noted that the proton groups from
theIB'Dl(d,;\)B" reaction have recently been measured by
Buechner et al with a high degree of pregision. However,
his measurements were made at a deuteron energy of 1.2 1eV
and no information was given on the relative intensities
of the various groups. In order to assist in the |
interpretation of the gaume-rsy measurements we wished to
know the relative intensity of the proton groups at a
deuteron energy of 600 keV. We therefore made an

investigation of these proton groups with the spectrometer
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described in Section III.TI. 1

A target of separated B'® was bombarded with 600'keV
deuterons and the disintegration protons were observed in
the proportional counter of the svectrometer. The lowes?t
energy proton group ﬁhich was to be observed had an energy
of only 700 keV and therefore had & considerably smaller Hgp
value than that of the highest energy scattered deuterons.
However, the range of a 700 kev proton is greater than that
of a 600 keV deuteron znd hence it was possible to prevent
the deuterons from entering the counter by means of a foil
of suitable thickness. From the curves of Fig.I (iii)
we find thet the range of a 700 keV proton is 1.23 cms.
of air and that of a 600 keV deuteron is 0.92 cms.

The first measurements were made with a foil of 0.7
cms. alr equivalent thickness. .The effective stopping
power of the counter window itself and the counter gas in
the initial insensitive volume of the counter was sbout
0.3 cms, so that the total effective absorber thickness
- was about 1.0 cms. The spectrum obtained under these
conditions is shown in Fig.IV (ix) (a). It will be seen
that groups are found a2t fluxmeter readings of 56, 68.5,
82.5 and 100, and there is no sign of the presence of
scattered deuterons. The window thickness was then
reduced, so that Tthe total absorber thickness was of the
order of 0.7 cms, and the spectrum shown in Fig.IV (ix)(Db)

was taken. It will be seen that a very intense broad
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group appears, which is due to eleastically scattered
deuterons. However, the lowest energy proton group is
still clearly separated. This is becsuse the deuterons
which have the seme HP as this 730 keV proton group have
an energy of only 365 keV and are therefore completely
stopped by the foil.

Before discussing these results we shall describe
the measurement of the pfoton groups of higher energy.
The upper energy limit imposed by the maximum field
availlable from. the spectrometer magnet is about 2.3 MeV.
In order to observe groups of higher energy, aluminium
foils of known thickness were placed over the siit at the
open end of the tube A in Fig.III (iidi) . | - Thus the dis-
integration protons were slowed ‘down lnmedlately after
1eav1ng the terget and, by the choice of suitable ?0113,
any desired proton group colilld be brought within the
range of the spectrometer. The thickness of the foils
was measured by careful measuremenf of their mass and area.
‘The energy of the protons leaving the target was then
calculated from their measured energy after traversing
the foil by means of the published range-energy curves.
The proton spectfa obtained in this way with foils of
thickness 6.3, 12.6, 32.0 and 38.3 lig/cns? are shown in
Figs. IV (ix)(e), (d), (e) and (L) respectively.  For
" convenience in reading these graphs a scale is marked

along the top of ecch graph giving the calculated energy
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of the prbtons leaving the terget. In 211 these
measureuents a Gelger counter was used to monitor the
gemma-rey output and the ordinates of the graphs are the
proton counts for a fixed number of counts in the moniﬁor
counter. All the observed proton groups are due to the
B'o (d,p.)B"'reaction with the excepftion of the group

at 1.6 MeV, which is due to the 0'®(d,p )0 " reaction,

and the group at 3.1 MeV, which is due to the d (d,[1)1{3
reaction. The results are summerised in Table III,

which illustrabtes the methoﬂ‘of calculating the proton
energy Ey from the measured energy E and the foil
thickness. ~The Q values are calculated from the formula
(i) of section I.5. For comparison, the.Q values 6btained
by Buechner et al (1950) are also listed in Table III. The
relative intensities of the various groups are also listea
in Table III. These relative intensities were obtained in
the usual way by measuring the area under esch peak and
dividing it by the flux F st the peak, to allow for the
fact that the resolution width is proportional to F. It
must be noted that these relative intensities refer to
protons which leave the target at 90° té the direction of
the incident beam and cannot be precisely related to the
total yields without a knowledge of the angular distribiions,
which is not available at present. However, they give the
order of magnitude of the relative yields and we have seen

in the preceding part of this section that they are in
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qualitative agreement with the relative intensgities of
the corresponding gemma rays from the de-excitation of

the excited states in B" .
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IV. 3. The Recction A1%7 + |

. 13
() The Garma-reys from Al (p,¥)si .

The excitation curve of the gamme-rays from the proton
bombardment of aluminium has been studied by a number of
workers, but very'little was known of the energy spectrum
of the gamme-rays prior to the present work. Plain et al
(1940) made an estimate of the mean energy of the gamma-rays
by the method of coincidence absgorption of the secondary
electrons from an gluminium converter and showed it to be
in the region of 7 MeV, but this method is known to be
rather unsatisfactory if the gamme-ray spectrum is complex.
The Q-value for the resction A1%7 (lz,Y)Siz8 was knovn %0
be in the region of 12 MeV from the mass values, so it
appeared certain that the gamma-ray spectrum must, in fact,
be complex. The only other possible reaction in this
case is A1*7 (p,«)Mg?t | but the Q-value of this reaction
is only 1.6 MeV and hence it cannot be responsible for the
production of hard gamme-rays.

The principle difficulty in the measurement of this
gammz~ray spectrum is that the yield is rather small at
low proton energies becéuse of the effect of the potential
berrier. The excitation curve shows a number of sharp
resonances, whose position and yield have been accurately
measured by Brostrom et al (1947). We shall discuss these

resgonances in more detail in the second part of this section.



However we may note here that even if a thick targgt is
used with a bombarding proton energy of 750 keV, the
total yield due to all the resonances velow this energy
is only about 1/15 of that produced by the 340 keV

os . This intensity was

resonznce of F'? (fu,a,)’)
sufficient to allow a measurement of the gamma-ray
spectrum to be made with the pair spectrometer, but it

Wés not practical to measure the spectrum from sepzrate
resonances.

The spectrum obtained from a thick sluminivm target
bombarded with 750 keV protons is shown in Fig.IV(X). This
spectrum was obtained from twenty séparate runs, each of
duration of about twenty minutes with a proton beam current
of about 150 m,a, It will be seen that three gamma-ray
peaks of energies 12.12 Ioa MeV, 10.46 ¥ .07 MeV and
7.62 0.1 MeV are cleerly resolved, but the background both
above and below the 7.6 MeV peak suggests the presence of
other weak gamma-rays. The relative intensities of the
three main pecks are in the ratio of 1 : 7.5 : 3.5.

The interpretation of these gamma-rays can be discussed

3

in terms of the energy level diagram of Si%? shown in

: (x1) : | :
Fig.IV, ".The most energetic gemma-ray is presumed to
correspond to the direct transition to the ground state
.28 .
of 81i°% . From the results of Brostrom et al (1948) on

the relative intensities of the resonances below our

bomberding energy of 750 keV we assume the effective mean
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bombarding energy to be 630 keV, which corresponds to an

additional excitation energy of 610 keV in centre of mass

co-ordinztes. We thus obtain a value of 11.51 Y 0.1 1eV
for the Q-value of the ground stote Trensition. This 4=

value may be calcﬁlated by two other methods. First, the
reactions A1z7 (d,rl)Alz' y Q = 5.45 : 0.05 eV (Pollard

et al 1949) and A 1™ (/a— )Si‘" , Q= 4.80 I o5 eV, (Benes
et al 1948) predict a Q-velue of 11.70 * 0.1 MeV for

A% (p,Y)Siz’ . S'econd, the reaction 41%7 (d, n )Si%%
Q = 9.08 T 0.2 eV (Peck 1949) predicts z Q-value of

11.31 : 0.2 MeV. It will be seen that there is no serious
discrepancy between these three determinations and They
yield ‘a weighted mean value of 11.55 £ .07 HevV.

'The gamma-ray of energy 10.46 £ .07 MeV is almost
certainly due to a cascede transition which proceeds |
through a level in 5i%® in the region of 1.7 MeV, since it
is very unlikely that a gamma rsy with an energy as low as
1.7 MeV would be emitted directly from such =z highly
excited state in competition with high energy gamma-rays.l
On this assﬁmption our measurements give a value of
‘.1.66 + 0,12 MeV for this level in Sizg . The reaction
4178 ( F')Si‘" proceeds via a level at 1.80 £ ,05 Mev
(Benes et 21. 1948) and +the reaction Aln(d.,n)Si28 proceeds
vie a level which has been measﬁred as 1.78 £ 0.13 eV from
the neutron groups (Peck 1949) and as 1.72 I 0.08 1eV from
the gamme-radiation (Allburger 1949).  Thus, 211 the
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determinations are consis‘cént with a weighted mean
value of 1.75 = 0.04 MeV for the energy of this level
in Si 13 .

The interpretation of the gamme~-ray at 7.62 liev
is less certain, but it seems probable that it is due
to a cascade transition which proceeds through a level
in 5i?® at 4.50 % 0.15 eV. This interpretation is

consistent with the level at 4.47 £ 0.13 MeV found by
2
Peck (1949) in the 41°7 (d,n)si”® reaction.
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(b) .The Alpha=Particles from Al (., )ig ™%,

The alphé—particles from this reaction were first
observed by Freeman znd Baxter (1943), who measured the
Q-value to be 1.32 leV. They used a magnetic analyser
‘:to separate the alpha~-particles from the elastically
;Scatteréd protons but used = range absorption method to
measure the energy ofAthe alpha-perticles after ﬁhey
emerged from the analyser. In a 1ater paper (Freeman,
1950) they reported = Q-value of 1.585 p 0.015 Mev,
obtained by direct measurement of the ﬂp value of the
alpha-particles in 2 magnetic spectrometer. The
discrepancy between the two Q-values was attributed to
an error in the range-energy reletion used in the earlier
meagsurement. In their first pazper Freemen and Baxter
gave a rough excitation curve, which indicated a resoncnce
at a proton energy of about 730 keV and a weaker resbnance
in the region of 650 keV. The Cambridge H.T. set, with
which this work was performed, is not very suitable for
excitafion curve measurements because of the rather large
energy SPread on the proton beam due to the type of ion
gource., We therefore decided to undertake some measure-
ments on this reaction with a view to obtaining a more
precise excitation curve and at the same time checking the
Q-value., We heve already noted that the excitetion curve
for the reaction A1’ ([\,K)S:LrB shows a number of sherp

resonances corresponding to highly excited states of 8i?® 'y
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and 1t was felt to be of some interest Lo see whether

the game levels decay by alpha-particle emission to f1324
in competition with the gemma-ray emission to lower
states of Si%® y Or whether different levels are
-dinvolved. These reactions are illuStrated’in the

energy level diagram of si*? shown in Fig.IV{xO.

The heavy-particle spectrometer described in section
I1I.1. was used in this work and the alpha-particles were
detected with the proportional counter. A standard |
Geiger counter was placed close to the target so that the
gamma~-rays from the reaction AI"(p,l’ )Si” could be
observed at the same time., A Tthick target of ordinary
commercial aluminium was used in preliminary experiments,
but was found tq be unsatisfactory because of the presence
of particle groups due t0 contaminants; probably meinly of
fluorine, in the aluminium. We may mention that the yield
6f the reaction is very small compared with that in lizhter
element resctions such as F 7 ([t,o( )O’b « The final
results were obtained with thin targets prepared by
evaporating spectroscopically pure aluminium in vacuum on
to brass backing plates

The excitation curves obtained for the alpha-particles
and gemma-rays are shown in Fig.IV{xii). The target thickness
was 10 keV for the measurements below 700 keV and was 5 keV

for the measurements between 700 and 750 keV, so that the

- gamma-rey resonznces at 728 and 733 keV could be resolved
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from each other. The widths of the peaks in the
excitation curve ere entirely due to the target thickness

1

and the pecks are approximately flet-topped, as would be
expected in this case. ‘The counting rate at each peak
therefore gives a measure of the 'thick targef' yield of
the resonance, The magnet current of the speétrometer

was adjusted during the runs so that the magnetic field

was always at the value corresponding fo the peak of the
energy spectrun at the proton bombarding energy used.

The appropriate values of the magnet current hed already
been determined in preliminary measurements. - »The slope

of the front edge of each peak is entirely due to the
ripple and voltage fluctuations on the H.T.. set, which

was about 1.5 keV at the time these meaéurements were

made. It is therefore only possible to say that the
actual widths of the nuclear resonsnces are less than 1.5
keV,

A measurement was made of the energy spectrum of the alpha-
particles at each of the three alpha-particle resonances at
proton energies of 503, 630 and 728 keV. These spectra
are shown in Fig.IV(Xiiﬂ . In order to reduce the effects
of target deterioration, the gamme-ray counter was used as
a monitor in these measurements rather than the current
integrator and the ordinates of the graph in Fig.IV(xiH)
are therefore the ratio of the slpha-counts to geamma-counts.

From the position of the peairs the alphe-psrticle energies



were calculated %o be 1.79, 1.89 and 1.98 eV at the 503,
630 and 720 KeV resonznces respectively. The Q-values
calculeted from these results are 1.62, 1.60 end 1.61 lieV.
We estimete the total probable error of these measurements

+
to be - 1% and thus obtain 2 final Q value of 1,61 1,02 1ev.
This value is in reasonable zgreement with the vslue of

1.585
+
1.600 - .014 MeV czlculated by Strait et al (1951) from their

1+

.015 found by Freeman (1950) and the value of

measurements of the Q-velues of the reactions A1%7(d,« )1ug?*
and Mgt (d, p)vg™ .

'Immediately after the gbove measurements had been made
a fluorine target was mounted in the spectroﬁeter for
calibration purposes. The purpose of these measurements
was two-fold, first to check the energy celibration as
described in Section III.l., and second to make an absolute
intensity calibration of the alphe and gamma counters used -
in the zluminium experiments. The absolute yield of the
330 keV resonance in the resction F 1 (pvd,x'ﬂb“ hes been
accurately measured by Chao et al (1950) to be 0.15 alpha
particles per lO7 protons and, since there is one 6,13 lMeV
gamme~ray in cascade with each slphe~particle, the yield of
gamma~rays will be the same. The curve published by Fowler
et al (1948) for the efficiency of an aluminium wall Geiger
counter as a function of gamma-rey energy was used to
estimate the relative efficiency of the gamma counter for

the 12 MeV radiation from A]"(rgY )Sils as compared with
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that for the 6.13 MeV radiation from F”(r,d,)’)ols . It
must be noted that the fact that the radistion from
aluminium is complex, due to cascade transitions, it is

not important because the counter efficiency is almost
exectly linear with energy and hence the number of gamme
counts per disintegration is independent of the mode of
de-excitation to a first order. The results of these

yield measurements sre summarised in Tgble IV, The

yield measurements of Brostrom et el (1947) for the
gamme~-rays are also included for comparison purposes.

It will be seen that our yield measurements are uniformly
lower then those of Brostrom et al. by a factor of abéut
two. ?art of this difference is due to the fact that we
have used the value of 0.15 disintegratidns per 10 7'protons
for the F ' (pr, ¥ )0'6 reaction. (Chao et 21 1950), whereas
Brostrom et al., who also used this reesction for calibretion,
used the earlier value of 0.18 (Van Allen and Smith 1941).

A further difference of about 20% may be accounted for by
the slightly different sssumntion which they made as to the
relative efficiency of their gemme counter for fluorine and
aluminium radiation. | However, there remains a discrepancy
of gbout 50% for which it is difficult to account. The
ratios of alphe-particle to gamme-rey yields sre also

given in Teble IV for the various resonances. It will De
seen that the three resonances at 503, 630 and 728 keV

give alpha and gamma yields of the same order of magnitude,



i6 4.

_ W m
22°0 '60°0 > w G20 > W g€ b1 cEco0 P €eL |
3T°0 mwooA 0c*¥ G°2 GT°T Y Rzl
L0°0 20'0 > gz*0 > I T'T 66 °0 ST°0 > Eow
T2°0 20°'0 v TT°0 > Lz 7T GT°0 2 269
L¥*0 T6°0 60°T 0°L €€ 9°¢ 0€9
T°0 7770 12" T LT 60 2T €06 |
‘A2 Na K *K *K W 1/ 4 .>oxw
Xy o e ..yﬂ WOI}SOJIg suogoxd OHOH Jod SpTeTX A

*d + TV 40 SCTIIX
4

‘AT HTEVE



/162,

whereas zlpha-particle emission apnears to be completely
forbidden from the three gemma-ray resonances at 652, 677
and 733 keV. No resonances lare observed which only emit
alphe-particles.

We can now discusé these results on the basis of the
theoretical considerations mentioned in Section TI.3. We
see from equation (2) of that section that if /X , [} anad

/;.' are the partiel widths of a given energy level for

the emission of a proton, alpha-particle and gamma-ray

respectively, “then: ¥
Lv R
Y = AME, e I W
v - Ilw K3 -
and Y = IFE, € —LFF' (2)
where rN = {; + 0]« ] (3)

and X( and Ys‘ are the alpha-particle and gamma-ray
yields respectively. :

For simplicity we write:

Y, - k& ()

« rr
and Y, - LF (5)

The qualities W ¥4 and uY, may be calculated directly from

the observed yields by the use of ecquations (1) snd (2) and

the results are tabuleted in Table IV. For the svecific
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stopping power, € , of aluminium we have used the values
given by Perkinson et al. (1937).

It will be seen that the vzlues so obtained for Ajlk
end w ¥y lie in the renge from 0.1 to 0.5 electron volts
for most of the resonances for which alpha-particles or
gamme~rays sre actually observed. We can now congider
the relative orders of megnitude to be expected for the
pertial widths c ’ /; and /; . The \}alues of /:
and 4: will be determined mainly by the approprisate
barrier penetrebility factors. We have estimated these
factors, G, from the data given by Christy aﬁd Letter
(1948) and Mattauch (Nuclear Physics Tables). Por
protons in the range from 400 keV to 800 keV, G is of the

- _Z .
order of 10‘4 to 10 for zluminium. For elpha-particles

of 1.8 MeV, G is of the order of 10-6 . VThese factoré are
given for S-wave particles, i.e. for transitions with zero

change of angular momentun, For P-wave particles (41 = 1)
the barrier penetrability factors will be lower by a factor
of the order of magnitude of ten. Thus it seems certain

that the barrier penetrability factors will meke the proton
widths larger than the alpha-perticle widths by a factor of
the order of 102 +to 10% . Thus the totel width /= will

simply be equal to the proton width 4? end we see that

equations (4) and (5) become:

Y

ol =

and Y, = /;'

]
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The actuszl values of the level widthg cannot be
calculated without making some assunption as to the level
widths without barrier. Plzusible values for thesge level

o to 10 é € Ve

widbths without berrier are of the order of 10
(Fowler et 21.1948). Taking a value of 10% e.v. and the
penetrability factors to be 10_3.for the protons and ZLO-6
for the alpha-particles, we find F = 10" e.v. znd fg = 1 e.v.
Thus we see that the observed values of & ¥, given in Table
IV are of the expected order of magnitude. The present
state of the theory does not permit of 2 more accurate
comparison.

We can now attempt to meke assignments of the angular
momentum and parity of the levels of the compound nucleus
Sizt involved in these transitions. The ground state of
Al1?%  is known from spectroscopic data to be ezl)qa state,
i.e. 1t has an orbital angular momentum quantum number of
2 and a totel anguler momentum of 5/2 . Since it is 2 D
state it must have even périty. The parity of the
compound states formed in SiI’ will therefore be éven or
0dd according to whether the orbital angular momentum of
the incoming protons is even or odd. If we assume that
the incoming protons have zero anguler momentum (S-wave)
then the states of Si?® will nave anguler momentum of
either 2 or 3 units, depending on whether the proton spin
is parallel or anti-parcilel to the engular momentum axis

of the A1 nucleus. The parity of the states will be
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even in both cases. Now it is known thaet the ground
state of Mgz4 y Which is the residual nucleus after the
emission of zn zlphe-particle, is an S-state with zero
angular momentum and even perity. Thus in the case
considered above, the alpha-particles must be emitted
with no chenge of parity. This is only possible if the
alpha-particles carry awzy an even number of units of
angular momentum, Thus if we essume that only S-wave
protons are ceptured to form the compound states in Sizt
we can say that the levéls which are observed to emit
alpha-particles must have sn angular momentum gquantum
number of 2 and those which only emit gamma-rzys must
have an angular momentum gquantum number of 3. The
ground state of Si?® ig known to be an S-state with

zero anguler momentum and even parity. The selection
rules for gemme-ray transitions would therefore only
allow electric quadrupole radiation to the ground state
in the case of the 2(+) levels and magnetic octupole
radiation in the case of the 3(+) levels. There is not
sufficient information zvailable at present to meke
definite spin and parity assignments to the level in
S5i?% at 1.8 MeV or to the higher levels but it is quite
likely that electric dipole radiation mey be allowed from
either the 2(+) or 3(+) levels to the level at 1.8 MeV

and to the intermediste levels., We have seen that the

gamme~ray spectrum from 211 the levels excited by 750 keV
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protons shows that the cascade transitions sre more
favoured then the ground state trensition, which is
consistent with this picture. £ the gemme~ray spectrum
could be measured from the separste levels by the use of
g thin terget and the apnropriate proton energy, a more
definite check on these assignments could be made, since
one would only expect to observe the ground state
trensitions in apprecisble intensity from the 2(+) levels,
i.e. from those levels which elso emit elpha-particles.

If we allow the cepture of P-wave protons, which is
less probeble than S-weve capture on account of the
barrier penetrability effeots,but which cannot De
completely ruled out, then a greater variety of levels
in Sizi are possible. The various possibilities are
summarised in Table V, ‘together with the possibilities
already discussed for S-weve capture. It will be seen
that in the cese of P-wave capture the alpha-emitting
levels can be either 1(-) or 3(-), but the former would
allow electric dipole gamma-radiation to the ground state,
which seems unlikely in view of the observed low intensity.
It may be mentioned thet a measurement of the angular
distribution of the gamma-rays relative to the direction
of the incoming pfotons should provide further informztion,
since one would expect this distribution to be isotropic
for S-wave cepture butb not for P-wave capture. It is
hoped to meke this measurenent in this leaboretory shortly.

* * * * * *
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Part V. Conclusion.

In this thesis we have described the experimental
work which has been performed with the Glasgow H.T. and
discussed the new knowledge which has been obtained from
this work. There is now a very considereble amount of
information on the energy levels of nuclel which has been
obtained from experiments of this type. Excellent‘
summaries of this informetion have been made from time
to time, notably by Bethe (1937), Hornyzk and Lauritsen
(1948), Hornyak et =21 (1950) and Alburger and Hafner
(1950). It was from information of this type that the
Rutherford-Bohr theory of the atom was developed asnd we
might hope that similar information about nuclear energy
levels would lead to some similer theory of nuclear
forces and nuclear structure. Unfortunately this is
not at present the case.
| In the case of the atom, the problem is very much
simplified by the fact that the electrons move in a
'central—field of force and zre very little influenced
by each other. This results in a series of energy
levels which have simple integrel relations to each other
and this cheracteristic feature, of which the Rhydberg
relatvion for the hydrogen spectrum is an obvious example,
was quickly observed from the experimental dota and Formed

.

one of the gterting points of the Rutherford-Bohr theory.



In the cese of the nucleus there is no such central
field of force and the theory therefore has to deal with
a 'many-body' problem of an exiremely complicalbted neture.
Exact cezlculetions hove been attemnnted for the very
simplest of nuclei, such as ik , but even here they have
met with very limited success. A study of the empirical
data on nuclear energy levels does not, in general, yield
any simple integral relations similer to the Rhydberg
relation, which might give a lead to theoretical
interpretations.

In view of the difficulties associzted with the
formulatioh of any'exact theory, a considerable amount
of effort has been devoted to 'nuclesr model' theories,
These theories make simpliiying assumptions ﬁhich allow
the problem to be treated in terms of a simple dynamical
model about which calculations can be made. These
theories have had & certein limited degree of.success in
the qualitative explenstion of particular fea%ures of
nuclei.  For example, the 'liquid drop' model developed
by Bohr gives a qualitaotive description of the stability
of heavy nuclei and of the phenomenon of nuclear fission
which is in reasonable agreement with the observed data.
Nuclear 'shell' models have also had some success in
explaining the-general feetures of the ground states of

] -t

nuclel, such as The spin end megnetic moment and the

1 - -

perticulory stebility of nucled with certain numbers of



{7o.

neutrons and Nrotons. However, none of these nodols
are able to neke cuentitovive predictionsa sbout the

energy levels of nucled becouse of Lhe dirontle nebure
of the assuupitions on which thiey oo huncd,

The experimental datzs on the energy levels of
nuclei, although very considerszble in quantity, is very
far from complete and we must hope thoet vhen further
deta is obteined it will zive sz lead to The developuent
of more fruitful theories of nuclear structure snd 4o g

better understanding of nuclecr forces,
<

* %* * #* * * *
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