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ABSTRACT

The associated particle technique is applied to the
D(d,n) He3reaction, in order to produce a tagged neutron beam
of accurately known energy, flux, and direction. The incident
deuteron beam is obtained from a 400 kv positive ion Van de
Graaff accelerator. A description is given of the design of
a uniform field sector magnet and other equipment associated
with the stabilization and calibration of the energy of the
incident deuteron beam. A versatile n—He3 coincidence system
js described. The use of a silicon surface barrier detector
with a thin nickel foil window enables complete resolution of
the He3 peak with consequent improved neutron flux determination.
The tagged neutron beam is used to measure the absolute neutron
cross sections of the x> (n,p) 2% ana ¥ (n, ) 0136reactions
at a neutron energy of 2.46 Mev. The results obtained,
(95 3 4) mb and (6.2 % 1) mb respectively, are compared with
values obtained by other workers, and with theoretical predictions.
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1.

CHAPTER I: INTRODUCTION

1.1. Neutron Cross section measurement:

The probability that a neutron incident on an atomic nucleus
will undergo a nuclear interaction with that nucleus is an important
parameter in the elucidation of nuclear structure. The total
neutron cross section 0, provides a measure of this probability
and is defined to be the number of neutron induced events
occurring per nucleus per unit time per unit incident neutron
flux. A knowledge of the incident neutron flux is usually needed
if the cross section of a nuclide is to be measured. Direct
measurements of neutron flux are difficult and the flux is usually
deduced from known or measured properties of the source from which
the neutrons are emitted. A suitable neutron flux may be obtained
from nuclear reactions occuring in a target bombarded with a
charged particle beam from a nuclear accelerator. Such a neutron
source has advantages in both intensity and in variable neutron energy
over photoneutron and other radioactive neutron sources.1 In this
case the effective neutron flux taking part in the cross section
measurement may be estimated from a knowledge of the integrated
beam current and the cross section and angular distribution of the

neutron producing reaction.

An improved method of flux determination has resulted from
detecting the charged recoil nucleus associated with any neutron
produced in the reaction. The total number of such recoil nuclei
is then equal to the total number of neutrons generated in the
target. Since application of this method requires that the recoil
nuclei possess sufficient energy to be detected, it is most suited

to reactions having a positive Q value.

This associated particle technique has been extended to the
identification or "tagging" of individual neutrons by the detection
of their associated recoil nucleus. For a particular incident

charged particle beam energy and associated recoil particle
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direction relative to the incident beam, the energy and direction

of the neutron associated with a given recoil particle are

determined uniquely. 1In this way restrictions placed on the
detected particles enable the production of a beam of individually

"tagged" neutrons of known flux, energy, angular divergence, and

spatial direction. A "tagged" neutron beam has two further

advantages:

(1) The energy of the "tagged" neutrons may be varied by
altering the energy of the incident charged particle
beam or by altering the direction of the tagged neutron
beam selected by the recoil particle detector and,

(2) A considerable reduction in the number of background
events induced in the nuclide sample by unwanted
scattered neutrons and gamma rays, may be effected
by requiring that the neutron induced events are in
time coincidence with events in the associated recoil
particle detector.

The associated particle coincidence technique has been mainly

developed using the T(d,n) gt axd D(d,n) He> reactions. -8

T+ d—> n + He? + 17.59 Mev.

D4+d=~>»n +Ho3 + 3.27 Mev.

For low incident deuteron energies the o« -particle and
4

neutron from the T(d,n) He' reaction have energies of about 3.5 Mev
and 14 Mev. respectively while the Helium-3 particle and neutron
from the D(d,n) He> reaction have approximately 800 Kev, and

2.5 Mev respectively.

Neutron cross section measurements and neutron time flight
studies using the 'tagged' neutron beam from the D(d,n) Heo
reaction is the main interest of this laboratory. The deuteron
beam is produced in the Physics Departments Model PN-400 Van de

Graaff accelerator* Although rated at 400 kv. this accelerator

* Mamufactured by the High Voltage Engineering Corporation,
Burlington, Massachusetts.
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will deliver onto a target, 150 mA of positive ion beam current
at voltages in excess of 500 kv. This model accelerator has no
form of beam energy stabilization and as a consequence the beam
energy has, in the past, had to be controlled manually for the
duration of any experiment. The effect that changes in the
incident deuteron beam energy have on the direction and energy
of the tagged neutron beam may be assessed from consideration
of the kinematics of the D(d,n) He> reaction (Appendix 1).
Pigure (1) shows the dependence of the neutron and Helium-3
energy on the incident deuteron energy Ed, drawn as a family of
curves with the laboratory angle of emission of the neutron Oi
as parameter. The dependence of 95 on Ed’ with the laboratory
angle of emission of the associated Helium -3 particle @, as
parameter is also shown in figure (1). Figure (2) shows the
dependence of the neutron energy En and @, on 95 drawn as a family

of curves with Ed as parameter.

It can be seen (figure 2) that the neutron energy varies
appreciably with changes in the energy of the incident deuteron
except for values of thlo-o to 100°. For values of Gi in this
region, the direction of emission of the neutron varies rapidly with
Ed.
simultaneously minimizes the dependence of both the energy and

direction of the neutron on the incident deuteron energy. If

In general, it is not possible to choose a value of eh that

the energy and direction of the tagged neutron beam are both to
be determined precisely over as wide a range of neutron energy
as possible, then stabilization and accurate energy calibration
of the incident deuteron beam is essential. This is especially

important in view of the rapid variations in neutron cross section

with energyz, for neutron energies around 2.5 Mev.

In general, the study and utilization of reaction products
from nuclear reactions induced in a target by a charged particle
beam requires accurate calibration and stabilization of the
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incident beam energy. Consideratiomssimilar to those illustrated
above with reference to the D(d,n) He3 reaction show that any
instability in the incident beam energy results in an uncertainty
in both the energy and relative direction of the reaction
products. As the Q value of the reaction under study decreases,
the stability and accuracy required of the incident beam energy
increase. Uncertainties from this source can introduce large
errors into threshold measurements and experiments performed

using reaction products from negative Q value reactions.
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1.2, Recoil He3 Particle Detection:

The cross sections of the D(d,n) He3 and D(d,p)T reactions
are approximately equal for low deuteron bombarding energies.
In addition therefore to He3
incident on the recoil particle detector protons and tritons
with energies of 3 Mev. and i1 Mev respectively, together with
deuterons elastically scattered from the primary beam, light

particles, there will also be

emitted from the target, and neutron capture gamma rays from
surrounding material. For this reason unambiguous identification
of the 800 kev He3partic1es is difficult.

Dixon and Aitkeg have described an associated particle
detector for use with the D(d,n)He3 reaction in which a thin
(0.51 mm) crystal of CsI(Tl) was used in conjunction with a
photomultiplier. An aluminium coating of 225 ug/cm2 was
evaporated onto the front face of the crystal to prevent light
emission from the target reaching the photomultiplier.

It was originally intended using a scintillation counter

of this type as the recoil particle detector but & number of

serious disadvanteges were found:-

(1) The thickness of the foil covering the scintillator was
found to be very critical. The foil thickness should be
sufficient to prevent light and scattered deuterons from
reaching the scintillator, but must not be thick enough to
degrade the H33 pulse height to a level comparable with the
noise level of the system.

(2) The inherently poor resolution of a scintillation detector
results in a broad He3 peak. Consequently, if only genuine
He3 particles are to be selected for neutron tagging, a
narrow pulse height window must be used. Such a restriction
results in a relatively low He3 counting rate with consequent

poor efficiency.




6.
(3) The poor energy spectrum shape (Chapter 4) does not allow
the immediate recognition of the penetration of the aluminium
foil by scattered deuterons. In a strong deuteron flux the
possibility of the light output from a number of low energy
deuterons summing within the crystal to give a resultant

3

pulse entering the He~ pulse height window is not negligible.

(4) The sensitivity of the crystal to neutron capture gamma
radiation was not entirely eliminateddespite the use of a
thin crystal.

A considerable improvement over previously described systems
has been realised by using a solid state detector as the associated
particle detector. Semiconductor detectors combine a low sensitivity
to light and gamma rays with an intrinsically high energy resolution.
The best energy spectrum of the He3 particles is obtained when the
thickness of the foil covering the detector is only just sufficient
to absorb the full energy of the scattered deuterons (Chapter 4).

It has been found that a foil selected for optimum thickness for a
particular deuteron energy will not be effective if the incident beam
energy is allowed to rise by even quite small amounts. As semi-
conductor detectors are destroyed by even short exposure to a strong
deuteron flux, energy stabilization of the primary deuteron beam is

essential for optimum results with this technique.

This thesis describes the production of a tagged neutron beam
of precisely known energy and direction. Chapter 2 decribes the
design of an analyzing sector magnet and associated equipment necessary
for the stabilization of the ion beam energy of the Van de Graaff
accelerator. Chapter 3 is concerned with the calibration of the ion
beam energy in terms of the magnetic field strength in the pole gap of
the analyzing magnet, and with the performance and stability of the
energy stabilization system.

The n - He3 coincidence system, comprising the recoil particle
detector, neutron detector, and associated electronics is described
in Chapter 4. Included in this chapter is a description of the

utilization of the tagged neutron beam for the measurement of the

absolute cross sections of the K-7 (n, «) c16 and K39(n,p)A39




reactions. The observed cross sections are interpreted in terms
of current nuclear theory (Chapter 4). The conclusions drawn

from this work may be found in Chapter 5.

7
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CHAPTER II

THE ENERGY STABILIZATION OF THE
VAN DE GRAAFF ACCELERATOR

2.1. INTRODUCTION:

2.1.1 The Positive Ion Accelerator

A Van de Graaff positive ion accelerator consists of
a high voltage generator together with components used for the
production of the ion beam. Although many developments and
modifications12-16have been made to the belt charged type,
electrostatic high voltage generator since R.J. Van de Graaff
first demonstrated its practical value for nuclear physics
research,17 the basic principles of operation remain unchanged.
For this reason only a brief description of features having
particular relevance to the voltage stabilization of such a
generator will be given.

A high voltage (~ 20 kv.) power supply sprays charge
from a row of corona points (the charging screen) onto an
endless, moving, rubberized fabric belt. The charge is carried
by the belt into the field free region, inside a hollow hemi-
spherical metal terminal which is electrically connected to a
second row of corona points (the collector screen) that are in
close contact with the belt. As the charge on the belt approaches
the collector screen, it induces on it a charge of opposite
polarity. This leaves a charge, of equal magnitude and polarity
as the charge on the belt, residing on the outside of the metal
terminal. The charge on the belt comes into contact with and
neutralises the opposite polarity induced charge on the collector
screen. The final result is as if the charge on the belt flows
onto the outside of the terminal.
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The potential V of the high voltage terminal is related
to the charge Q on the terminal and the capacitance C of the
terminal with respect to ground, by the relation V = Q/C.

If the charging process were to continue the voltage would rise,
either until electrical breakdown occurred from the terminal to
the surroundings, or until the breakdown of the insulating
properties of the belt caused the charging process to cease.

In the model PN-400 Van de Graaff the cylindrical insulating
column supporting the high voltage terminal, is made up of an
off centre cylindrical column (containing the evacuated
accelerator tube) fitted with circular metal planes placed at
regular intervals down the column at right angles to the axis.
Mechanical rigidity of the column as a whole is ensured by
porcelain cylindrical spacing blocks located between the column
planes. The belt runs parallel to the axis of the column and
passes through apertures in the column planes. The development
of excessive voltage on the top terminal is prevented by the
ongset of a corona discharge in the gap between hemispherical
corona domes located between pairs of adjacent column planes.
High resistances (fV109 ohms) placed between successive column
planes ensure a uniform potential gradient down the belt and
column, and a small steady stabilizing current drain from the

top terminal.

The entire high voltage generator is encased in a
pressure vessel filled with an insulating gas mixture of
nitrogen, carbon dioxideyand sulphur hexafluoride at a pressure
of six atmospheres. This allows good electrical insulation
of the generator without the need for the large overall physical
dimensions required for machines insulated by air at atmospheric
pressure. A set of corona points facing into the high voltage
terminal are mounted on a port in the wall of the pressure vessel.




In the original model the current drawn from the terminal by the
corona discharge in the insulating gas is controlled by manual
adjustment of the distance of the points from the high voltage
terminal.

The positive ion source and focus power supply are
located inside the high voltage terminal. Control of these
components is effected by insulated control rods passing down
through the column planes to coupling shafts which pass out
through the base plate of the pressure vessel to small servomotors
mounted on the outside. The outer cylindrical case of the belt-
drivemotor serves both as the rotor of the motor and as the
bottom pulley for the belt. The terminal pulley is the rotor
of an alternator driven by the belt and provides the electrical
power for the components located inside the high voltage terminal.
Hydrogen or deuterium gas supplied from small gas cylinders
located within the terminal is allowed to flow slowly through a
controlled (the 'gas' control) thermo—-mechanical leak into an
evacuated glass envelope where ionization of the gas takes place
in an rf discharge. The positive ions formed are extracted
from the plasma through a narrow aluminium canal and into the
entrance of the accelerator tube by the application of a small
dc extraction potential, (o to~2 kv. determined by the setting
of the 'beam' control). Here, acceleration of the ions down
the evacuated accelerator beam tube takes place under the action
of the electric field existing between the high voltage terminal
and ground. Coarse focussing of the positive ion beam is
accomplished by the shape of the electric field within the
accelerator tube. The field distribution within the beam tube

is determined by shaped metal planes14 which pass out through
the insulating wall of the accelerator tube and are electrically

10,
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connected to the column planes. These metal planes serve also

to equalise the potential gradient down the length of the accelerator
tube and to prevent high voltage discharge within the vacuum.
Precise focussing of the ion beam is achieved by adjusting the
potential applied to the focus electrode by means of the 'focus'
control. This electrode is electrically connected to both the
first column plane and the focus power supply and is situated at
the high voltage end of the beam tube (where the ion velocities
are least) immediately following the extraction canal from the

ion source. The vacuum pump used for evacuating the ion source
glass envelope and beam tube is located outside the generator
pressure vessel and is coupled into the beam tube where it emerges

through the pressure vessel base plate.

2.1.2 Voltage Stabilization of the Generator:

Although usually regarded as a constant voltage device,
the Van de Graaff is in fact a constant current generator. The
high voltage terminal can be regarded as the 'point' in the
application of Kirchoff's first law; the algebraic sum of the
currents at the terminal being zero for a steady state potential.
At equilibrium the belt charge current is exactly balanced by the
current drain from the top terminal consisting of the potential
divider, beam and corona load currents together with some small

contribution from leakage corona currents.

Fluctuations occurring in any one of these currents
will cause the potential on the high voltage terminal to fluctuate.
The main source of terminal potential variations, in practice, are
caused by fluctuations occurring in the belt charge current.

There is little possibility of achieving substantial reduction
in these fluctuations through improved belt technology18, and

80 their effects must be cancelled in the stabilization process.
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Stabilization systems differ in both the method used
to sense the potential on the high voltage terminal and in the
mechanism used to correct any changes in the potential.

Common sensing methods include "sampling" the potential by means
of a high resistarce potential divider placed between the high
voltage terminal and ground19, detecting high frequency excursions
in the terminal potential with diametrically opposed capacitive
pickups18, using the output voltage from an electrostatic
generating voltmeter viewing the high voltage terminal from a
20-24,14 the

generally preferred method of deriving an energy 'error'signal

port through the wall of the pressure vessel,

from the deviation of the ion beam from the centre of the
vertical slit between two insulated metal electrodes placed in

25-28 or electrostatic22?23r29-31

the image plane of either/:agnetic,
analyzer used to deflect the positive ion beam. This last

method has the advantage of enabling absolute calibration of the
energy of the ion beam in terms of the magnetic or electric field
strength in the beam deflecting analyzer. A magnetic analyzer

has the further advantage of enabling the separation of ions having
the same energy but differing charge to mass ratios; an essential
feature when the ion beam from the accelerator contains a high
proportion of singly charged, double and treble mass ions. Any
advantages that may be gained by the use of an electrostatic

analyzer for the beam deflection (for example the increased accuracy
of energy calibration, simpler construction and power supply require-
ments, and smaller physical size) together with a small subsidary
magnetic analyzer for the r emoval of the heavier mass ions - were
felt to be outweighed by the technical difficulties and inconvenience
associated with the need for precise, independent adjustment of two

fields to select the ion energy.

Variation of the corona current drawn from the high
voltage terminal is the most attractive mechanism for correcting
changes in the terminal potential of a Van de Graaf generator.
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Here, the amount of negative charge sprayed onto the positive high

voltage terminal is controlled by altering the grid-cathode bias

of a triode valve placed in series with the corona points.

Advantages included in this method of control are

(1) The corona points are substantially at earth potential
and are readily accessible being mounted on the internal
wall of the pressure vessel.

(2) Rapid corrections to the terminal potential are possible
because of the short transit times of the negative
charges in a corona discharge in an insulating gas.

3% indicates that the

transit time of ionization through an insulating gas is governed by

The latest experimental evidence

photo-ionization processes and is therefore much shorter than
originally thought.18

The rest of this chapter describes the design and
construction of a stabilizing system for a Van de Graaff accelerator
using magnetic momentum analysis of the ion beam to sense fluctuations
in the high voltage terminal potential. The error signal is derived
by passing the ion beam emerging from the analyzing magnet through
a slit defined by a pair of electrically insulated metal sensing
electrodes placed in the image plane of the magnetic analyzer.

If the terminal potential of the Van de Graaff generator becomes

higher or lower than the potential corresponding to the particle
momentum sslected by the magnetic field, the ion current striking
theouter or inner metal electrode respectively, will be increased.

The difference signal developed between the sensing elecirodes

js amplified by a dc differential amplifier and applied as a correction
signal to the grid of the corona triode, in such a way as to offset

the potential change of the high voltage terminal.
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2. 2. THE DESIGN OF THE ANALYZING MAGNET

2. 2. 1. THE DEFLECTION AND FOCUSSING OF CHARGED PARTICLES

IN A UNIFORM MAGNETIC FIELD

2. 2. 1. 1. HORIZONTAL AND VERTICAL FOCUSSING

An essential requirement of an analyzing magnet is that
the cross-sectional area of the ion beam after deflection in the
magnetic field, is sufficiently small to permit a high ion current
to be delivered on%o a small target area. The possible defocussing
of the ion beam during deflection in the magnetic field region must
therefore be considered in the magnet design.

The focussing of charged particles in a plane at right
angles to the direction of a uniform magnetic field (termed the
33

horizontal plane) was orignally discussed by Barber~ for the case
where the particles entered and left the magnetic field along
normals to the magnetic field boundaries (i.e. for angles Eo and E
of figure 3(a) equal to zero). The conditions necessary to achieve
such horizontal focussing were subsequently studied in greater detail

by Stephens34’35, Brueche and Scherzer36, Herzog37

, and Cartan

and the treatment was extended to cover the case of oblique entry and
exit of the particles at the magnetic field boundaries, (i.e. angles
E, and E not zero). For this latter case, Cotte> showed that the
non-uniform fringing field, extending in practice beyond the pole
boundaries of a magnet had a vertical focussing effect on those
particles not entering the field in the median plane (i.e. the
horizontal plane, through the middle of the magnet pole piece gap,
considered in earlier treatments). The equations derived for
focussing in the vertical plane, together with those already
developed for horizontal focussing in the median plane, showed that
it was possible with certain geometrical configurations to achieve
simultaneous focussing in both the horizontal and vertical directions.

Cotte, however, made no investigation of these configurations.
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The use of a non-uniform field to achieve focussing in
. irections 4
two perpendlcular/was employed by Svartholm and Seigbahn

by Shull and Dennison41, in magnetic sector spectrometers in which

the magnetic field strength within the sector was a function of
position. Judd42, Svartholm43

theory of two directional focussing in non-uniform fields to

O’ and

, and Rosenblum44, extended the

include the case where both source and image lay outside the
effective magnetic field boundaries.
46

Camac45, and in a more comprehensive form, Cross ~,
investigated the use of the non-uniform fringing field associated
with a uniform field, sector magnet for obtaining vertical
focussing at the same point as the image produced by horizontal
focussing occurring in the uniform sector field as a whole.

Tt is this type of two directional or double focussing that will

now be discussed.

Focussing in the horizontal plane occurs when the angles
Eo and E of figure 3(a) are such that the path S'T'U'V' of a
particle having a slightly different initial position, direction
and momentum to a particle following the mean path STUV, has a
longer trajectory in the magnetic field and is thereby caused to
converge on the mean path after leaving the magnetic field. The
relation between object and image distances for focussing in the
horizontal plane follows from purely geometrical congiderations
(appendix 2). The effect of the fringing field on ion trajectories
in the horizontal (xy) plane is to cause a slight lateral displace-
ment and change in magnification of the image, and is discussed

further in appendix (6).

The reason for the vertical focussing action of the
fringing field is not as immediately apparent. The charged
particles under consideration (figure 4) enter the magnetic field
region in the 2z = Z, plane and make an angle, in the Xy plane, of
Eo with the normal to the pole boundary. The jnitial velocity of

the particles in the Z direction is zero,

i.e. Vz < Owhen t = 0
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The megnetic force F, acting on such a moving charged particle
is given in mks units by

F = oY xB) (1)

where.!o is the velocity vector of a charged particle, B is the
megnetic flux density vector and e is thedharge in coulombs

carried by the particle. The Z component of this force is

mfz‘-.e(VB-VB) (2)
dtz Xy y X

where Vx is the component of the velocity Vo, in the X direction,
and the same notation holds for the other symbols. As the X axis
runs parallel with the pole boundary the component of the

fringing field in the X direction is zero and Bx = 0. Furthermore

s = V gin E
X (6] (o]

Vy = V° cos Eo

and v = V_ tan E =
¥ . . %% tan B

Substituting this value for V_ in equation (2) gives
2

mc-l—g = OEXB tan Eo
dt at Y
and 42 = e tan Eo j?h . dy — (3)
dt m _ J

&’z = 2
where the integration is carried out between the limits a and b in
the z = zo plane. The point y = a2 is chosen sufficiently far
outside the pole gap for Bz to equal zero. The point y = b
is chosen in the uniform field region inside the pole gap where

By = O. The integral in equation (3) may be evaluated by
applying the Ampére Circuital Law for B/uo, to the closed path
KLMNK, (where My is the permeability of the medium).
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Then B.dl = 0 as no current is enclosed by the loop.
n
(¢
ik b 2z a 0
B . dy B .dz B .dy B .dz
0 = b il + - + -
2 n M M
O- 0 o= b b z°- Zo Z y°= a
As B =B, when y = b (BO is the uniform field in the gap3
Bz =0 when y = a,
and By = 0 when z = O. (i.e. the magnetic flux is

everywhere normal to the median plane), one obtains from the above

b
/- By.dy = Bozo
av¥ z=12
o
and equation (3) becomes
Vz = dz = Zo : Bo tan E0
dt m

where VZ is the Z component of the velocity of the charged particle
after passing through the fringing field.

The focal length of a thin lens in the optical case, is
defined as the distance from the leng to the point on the axis where
an incident parallel beam of light is brought to a focus. In a
gimilar manner a focal length fo , can be ascribed to the fringing
field of a magnet for focussing in the Z direction, where

0 0O Z

— 3 t
o = tanl 0 (from triangle OFQ!).

f =
o tan A
o)

But tan A = Vz
[0}

R (4)
e Bo tan Eo




For horizontal deflection in the uniform magnetic field
of strength Bo’ the charged particle trajectory has a radius of

curvature r in the horizontal plane, where from equation (1)

2
B eV = s vo
0 (o) ——e
T
giving r o X Vo
B e
0
T T
and fo - o B = = - "'(5)
o] o
where a = tan E
0 o)

In a similar way the focal length f ascribed to the
fringing field at the second magnetic field boundary may be found.

— L
Here f = tan B = -E ‘5)

Equations (5) and (6) show that a positive focussing
action takes place in the Z direction at both field boundaries,
provided that Eo and E are greater than zero and positive.

Angles Eo and B are defined as positive when the path of a particle
outside the field region lies on the same side of the normal to

the pole boundary as the centre of curvature of the trajectory in
the horizontal plane, (E0 and E are shown positive in figures (3)
and (4). 1In the derivation of equations (5) and (6) no special
assumption is made about the precise shape of the fringing field,
except that its extent in the Y direction is small compared with
the radius of curvature of the particle trajectory in the uniform
field. This requirement is met by most practical analyzing
magnets in which the air gap between the poles is small compared

with the width of the pole faces.

18,




The relationship between the object and image distances
for vertical focussing in the magnet as a whole may now be found,
either from purely geometrical considerations similar to those

)45

as in appendix (3). (These two appendices illustrate the two

of appendix (2 , or by solving the equivalent optical problem,
principal methods of solving problems in ion optics). Although
these equations are suitable for locating image and object
distances, more comprehensive squations are needed for predicting
the magnification, beam profile, and momentum dispersion

produced by an analyzing magnet, for an object of finite cross-—

saction.

19,
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2.2.1.2. GENERAL FOCUSSING EQUATIONS:

38, 39, 46

More general forms of the focussing equations
follow an exactly similar treatment to that given in appendices
(2) and (3). TFigure 3 (a) shows the paths of particles in the
median plane of a sector magnetic field. The magnetic field is
in the "vertical" direction perpendicular to the plane of the
paper (the diagram has been exaggerated in the longitudinal
direction of the page, for the sake of clarity). The path STUV
shows the mean trajectory of a particle of momentum, P, sS'Trutve
is the path of a particle having an initial direction and position
differing slightly from those of the mean trajectory, and a
momentum given by P, (1 + B) where B<<1{ . The displacement
x of this trajectory from the mean path, at a point outside thes
magnetic field boundary will depend in general on A, B, and X,.

From the work of Cartan

X= uA + VB - wx + gecond=order terms in

A, B, and x_ === - (1
where the coefficients wu, v, and w are given by
u=(1-1p3) cos E, cos E ————— (8)
sin N
v = 2 cos E sin (% H) [cos (Eo - 3H) + q cos (E—%Hj] (9)
sin N
w= q cos B [ 0
cos E (10)
o
where p= ¥, sin N - cos E cos (5=E) ———————e (11)
cos2 Eo
Q= y sin N - cos E cos (H—Eo) ———— (12)
cos2 E
n= H- (Eo + E) m————— (13)

and all remaining angles and distances are shown in figure 3 (a).

All distances are measured in units of the radius of curvature in
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the uniform field and hence r does not enter into the above equations.
For relativistic velocities B must be multiplied by the factor

(1 - V°2/c2) which does not appear in the non-relativistic equation.
The lateral and longitudinal displacement of the image caused by
deflection in the fringing field outside the pole boundaries is

small provided the path of the particle within the uniform field
region is long compared with the pole gap width. Methods of
compensating for the image displacement (appendix 6) caused by the
fringing field have been discussed by Coggeshallso, BainBridge48,

and Ploch and Walcher49. These methods have been more recently

reviewed by Bainbridges1.

Figure 3(b) shows the trajectories of particles in the
vertical plane of the uniform magnetic field of figure 3(a).
In this case STUV is the mean trajectory, while a particle having a
path differing from the mean in both initial position and direction
will follow a trajectory such as S'T'U'V'. Unlike the horizontal
case, small fractional changes in the particlés momentum can not
effect a first-order change in the trajectory followed by the
particle in the vertical plane, because a particle travelling
initially in the median plane is not deflected regardless of what
momentum it possesses. The vertical displacement z of the trajectory
S'T'U'VY from the mean path outside the magnetic field boundary,
will depend then in the firzg order, only upon z_ and G (figure 3(b))

and z may be represented by :

z = mz + 06 (14)
where m = 1 - Htan Eo = ¥ [tan Eo + tan E (1 - HtanEo)] ———— (15)

and n=H+ y°(1 - HtanEo) - yoyar[tan E, + tan E (1 - HtanEo)]
+yv(1 - H tan E) ——- - (16)

The derivation of this formulas requires that the path length
within the fringing field is small compared with the path length
within the uniform field region; but requires no special assumptions

as to the shape and distribution of the fringing field (appendix 3).
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2.2.1.3. CONDITIONS FOR STIGMATIC FOCUSSING:

Angular focussing in the horizontal plane occurs when the
displacement x of the general trajectory S'T'U'V' is independent
of the angle A. From equations (7) and (8) the coefficient of A

vanishes when u equals o, that is when

pg = 1

On substituting for p and q, the condition for angular focussing
in the horizontal plane becomes (note 1, appendix 4)

vy = (cos E) sin H cos E, + ¥, cos (H - Eo)

—— (17)

J, 8in ¥ = cos E_ cos (H - E)

Angular focussing in the vertical plane occurs when the
displacement z of the general trajectory S'T'U'V' is independent of
the angle G. The coefficient of G vanishes when n equals zero and

from equation (16)

Y, = H +vy

. (1—HtanEo)

o]

Yy [tan E  + tan E (1 = tan Eoﬂ - (1 - H tan B) (18)
Zquations (17) and (18) can be written in a more suilable form for
computation (note 2; appendix 4) by definirg quantities P and §
by the equations

tan P = tan E + 1 (19)
Yo
tan Q = tan B - 1 (20)
Yo
Equation (17) then becomes simply,
1 = tan (§ = P) - tan E (21)
J
and (18)
1l = tan B - 1 oS (22)

v H - cot @
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The condition that horizontel and verticel focussing takes

place at the same point Yq is that

yo= ¥, = ¥
Thie condition is best expressed as an equation determining F:
tan E = 1_ [ tan (H-P) + __1 ] (23)
2 H = cct Q

while the distance from the pole boundary to the point of double
focussing may be found by eliminating E from equations (23) and (22)

1 0w i [tan (8- ) - 1 ] -------- (24)

¥4 2 H - cot @

For any given pair of ¥, and EO, P and 9 may be calculated
using equations (19) and (20). Substitution of these values into
equations (23) and (24) enable the values of E and ¥4 required for
a stigmatic focug, to be calculated for a particular value of the
angle of deflection H. For the formation of a real image the wvalue
of Jq 80 obtained must be positive.

A general analytical discussion of all possible double
focussing configurations producing real images is extremely difficult.
Bowever, a large number of theoretically acceptable real image
arrangements, prove to be experimentally unsuitable. The useful
range of values that may be assumed by Eo and B, is restricted by

the following experimental consideratiouns.

(1) A positive focussing action in the vertical plane at the
first magnetic field boundary is essential if the beam is
to be prevented from diverging and striking the magnet pole
pieces within the pole gap. From equation (6), it may be
seen that Eo is restricted to positive values by this

requirement.

(2) Tt is desirable to wind the coils of any electromagnet
directly onto the pole pieces. The irregular shaped pole

pieces resulting from the use of large negative values of E

make this difficult, and increase the demands on yoke design
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and construction if local saturatiocn effects, and the
consequent introducticn of inhomogeneities into the uniform
field region, are to be avoided.

(3) The long path lengths in the fringing field, concomitant
with large positive values of Eo and E, invalidate the
assumptions on which equations (19) to (24) are based.

The uncertainties in particle trajectories, introduced by
the small local inhomogeneities in the fringing field caused
by local saturation effects in the magnet yoke and pole
pieces, are also increased., These effects result in the
calculated focussing properties not being realised in

practice,

Experimentally desirable double focussing configurations
will therefore have E, in the range 0° to + 60°, and E in the
range —400 to +6OO. Except for specialised applications (e.g.
high resolution studies) the dictates of economy and convenience
limit H to values of 90°or less. Figure (5) shows the relation
between Yqr Eo’ and E for real image double focussing for particular
values of H and Yor The data from which these graphs were drawn was
compiled by substituting given values of B_ and ¥, in equations (19)
and (20). The values of P and Q so obtained, together with the
particular value of H, were substituted into equations (23) and (24),

and the values of E and yq pecessary for double focussing were found.

2.2.1.4. THE CHOICE OF H, THE ANGLE OF DEFLECTION:

Three possibilities arise when focussing the charged particle
beam from an accelerator.
(1) A substantially parallel beam (yo = 00) from the accelerator,
is brought to a focus by the analyzing magnet at a finite
value of Yqe

(2) The machine focussing of the accelerator is used to focus the

beam in the plane of an entrance slit placed some distance Yo

in front of the first megnetic field boundary. The analyzing
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megnet is then used to form a stigmatic image of this 'object!
slit at some finite distance Vqe

(3) The analyzing megnet forms a stigmatic image at infinity, of
the object described above (i.e. the beam emerges parallel
from the analyzing magnet).

This last possibility is not generally suitable because, in
order to utilize the full energy resolution and dispersion (see, for
example, section 2.2.1.5) capabilities of this arrangement, the slits
from which the energy correction signal is derived must be placed at

prohibitively large distances from the analyzing magnet.

The first possibility, while having several attractive
features, has a serious drawback that is not immediastely apparent.
The cross-sectional area of a beam from an accelerator is greatest
Just after leaving the ion source and before the particle trajectories
start to converge under the focussing action of the focus electrodesz.
If, in order to obtain a parallel beam, the effective focal length
associated with this focussing action is increased, the cross sectional
area of the beam at the entrance to the magnet is increased. In
practice this means relatively large values of both the gap between
the magnet pole faces, and of E0 must be used in order to prevent any
slight deviations of the incident beam from the parallel, resulting in
a loss of an appreciable part of the ion beam through collision with
the magnet pole faces. For these reasons the second method is chosen
in this work and a design having relatively short object and image
distances is sought.

The variation of the stigmatic object and image distances,
with the value of H may be found from figure (5). The following

conclusions are drawn.

(1) For values of H less than 90° and relatively small values of
Yo and ¥4 double focussing ocfurs mainly for large positive
and negative values of Eo and E, respectively. For the
smaller values of Eo andII<:90°, Y4 is a rapidly varying
function of Tor Double focussing arrangements having

relatively small and nearly equal positive values of Eo
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and E can be found, and many of the practical difficulties

associated with acutely angled pole boundaries can be avoided
by choosing H = 90°.

(2) For particular values of r, I, and Iy the energy resolution
and dispersion of the analyzing magnet (section 2.2.1.5)

increase with H.

(3) If adjustable mechanical elements such as rotating inserts
(see, for example, figures (12) and (13)) are provided at the
points of entrance and exit of the beam to the field region,
the angle the beam mekes with the pole boundaries at these
points, can be altered by small amounts about a mean value.
In this way the values of Eo and E can be changed and the
focussing conditions altered to suit the experimental
requirements. For values of H much less than 900, the range
over which Eo and E must be varied in order to provide a range
of appreciably different focussing configurations, is
prohibitively large. In the region of H around 90° however,
small variations in Eo and E can be used tc effect relatively
large changes in the double focussing object and image

distances.

Although magnets which deviate the beam through lesser angles
offer some advantages in economy and size, a magnet giving 90o deflection
has been chosen for the reasons given above. The emergent beam
direction following a deflection of 900, is also the direction most

suited to the physical layout of the target room.

2.2.1.5 ENERGY RESOLUTION, DISPERSION AND IMAGE MAGNIFICATION

The x displacement of the general trajectory from the mean path
usually depends (equation (7), section 2.2.1.2.) on three parameters
A, B, and S At the image position x is independent of A (from the
definition of angular focussing) and here x is a function of the two
variables B and Xy where B is the fractional difference of the

particle momentum, from the mean momentum Pye




27.

Py
and from Equation (7)
x o TR L (25)
P
icec b & = F(xo’p)

where X, and p are independent. The total differential of x may

therefore be written as

dx ={?%; F (xo,Pi] sdx, F [%5 ! (xo’pax' Bnst.  (26)

C
p const. o]

je. dx = -;’;o. dp - w dx_ (27)
This equation shows the effect on x of small changes in the
particle momentum, and position in the plane of the object. The
total relative momentum spread l&p/po in the analyzed ion beam passing
through slits of width 8, and 8 placed in the object and image planes
respectively (figure 6), can be found by integration of equation (27).
The limits for this integration are from

o= -(Es) to s+ (hs)

x = =(3s) to + (§s)

»
]

o)
=]
o
e

]

p, = (8p) to p  + (34p)

The integral equation is

+ ks, p, + zAD +3 8,
dx = v .dp = wedx (28)
- So Po = P 2 0

which gives
g = — <A D - ws

Py

Solving for (Z&p/po) gives
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(29)

w8 _+ 8 =] s

Ap = 0 = "o+

P, v (v/w) v
where s and 8, are the slit widths measured in units of the radius of
curvature r of the mean path in the horizontal plane. The total
fractional energy spread AW /wo of the ion beam passing through
the slits is obtained from the relation between energy and momentum,

for a particle of mass m, viz.,

(p°/2m) = W (30)
from which

Aw = 247 (31)

W0 p0

Equation (29) may be written in the form

Ap = fg + f
D, D (32)
P
where D_ ( = v/w) is termed the resolution factor and D ( = v)
is termed the dispersion of the analyzing magnet. On putting
dx, = o, in equation (27) and expressing the particle momentum in

terms of the radius of curvature in median plane, it can be seen that

D may be defined as the distance, measured in the image plane, between

the focus for particles having the mean radius T, and the path of a
particle having a radius of r, + AT, divided by Ar, the difference

in radii of curvature in the median plane. The dispersion therefore
provides a measure of the lateral displacement of the ion beam in the
image plane, caused by a fractional change in the beam energy. In
applications where an energy correction signal is derived from electrodes
placed in the image plane, the dispersion should be as high as practicable

s0 as the largest possible 'error' signal is obtained.
The image megnification M can be found from equation (27) whence

e (33)

gl

. dx
M = (-E p constant = w =
o o
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Equation {32) then becomss

Ap = Msy+ s (34)
Po D

and it can be seen that increasing the width of the slit placed in the
object plane by an amount 8. has the same effect on the total
momentum spread in the analyzed ion beam, as inereasing the imsge slit

‘.’JG B 'T- .
width by M 8,

The physical significance of the resolution factor can be found
in the following way. When the momentum spread in the ion bean is zero
{(i.e. Ap = 0), equation (27) shows that the geometrical image width
ig M 84 and a particle of momentum P, passing through the middle of the
object slit will pass through the centre of the image. Tf the particle
momentun is increased by an amount A p' so that the partiecls trajectory

is displaced by half the geometrical image width, then from equation (27)

s ! M
o = vy &P _ 3,
2 )
B c
v 8]
and D = = <0 s

0 — D 0

M Ap!

The resolution factor DO, is then, the reciprocal of the fractional
momentun change required to displace the particle trajectory by half
eometrical image width in the image plane, multiplied by the

e width so in units of r .

The dispersion, resolution factor, and image magnification
can be expressed directly in terms of the geomstrical parameters

associated with the analyzing magnet (zppendix 4, Wote 3).

D
0

D

|

Y, (sin H + tan B, (1 —=cos H)) +1 =cos H (35)

v (sinH 4 tan B (1 = cos H)) + 1 =cos (35)

and the inage magnification M 1is given by (D/Do).

The only assumption made inthe derivation of the above equations
{appendix 4, note 3) is that the condition for angular focussing in the

norizontal plane {i.e. pg = 1) is satisfied. The values obtained for

Do’ D and M are measured in the horizontal imeze plane of the analyzer
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and apply, not only to the case of double focussing, but to any
median plane focussing in a uniform sector-magnetic field.

Both DO and D increase with H.  For particular values of
SO and 8, the total energy spread in the analyzed ion beam therefore
decreases for increasing values of H. This result is used in the

discussion on the choice of H {gection 2.2,1.4).

For the particular value of H = 900, equations (35) and

(36) become respectively

D = ¥, (1 + ao) + 1 e (31

and D =y (1 +a) +1 ——————— (38)

2.2.1.6. THE CHOICE OF THE FCCUSSING PARAMETERS:

The design of an analyzer is governed by many, often
conflicting considerations and no general conclusions can be reached
which are vzlid under all conditions and for all experimental
requirements. For this reason it is counsidered advantageous to use
adjustable semicircular blocks (see section 2.2.2.1) at the points of
exit and entrance of the beam at the pole boundaries, so that Eo and
E can be altered to suit a particular exveriment without involving
major reconstruction of the magnet. Adjustable elements also enable
fine adjustments to be made to the focussing should they prove necessary.
The range over which Eo and E can be varied in this way, without causing
appreciable distortion of the magnetic field, is limited. The values
of Eo and B corresponding to the mean position of the adjustable elements,
should be the values giving the most suitable analyzer performance

characteristics for general use.

The following considerations are regarded as especially

important in the design of the present analyzer.




(2)

(3)

(4)

(5)

3.

If the object slit is fully illuminated by the incoming ion
beam it can be shown using equation (27) that the intensity

in the analysed beam is proportional to the object and image
slit widths and inversely proportional to the dispersion D.

For a given total allowable energy spread in the analyzed ion
beam, the maximum intensity occurs when s, and 8 are chosen such
that (so/Do) = (s /D) = ($Ar). (This criteria follows
from equation (32); A r is measured in units of r), At this
maximum (s  s/D) = %D, (A r)2, showing that for high
intensity both D° and r {because for a given momentum spread

ATr 1increases with r), should be made as large as possible.

The image magnification M should be unity or less in order
that sufficient ion current density can be delivered onto a

target placed after the image slit.

An analyzer having a high dispersion D is advantageous, for
then any change in the beam energy produces a large lateral
displacement of the ion beam and consequently a large energy

'error' signal to operate the stabilization system.

The energy spread in the analyzed ion beam should be small,

and hence D° and D large.

The profile of the emergent ion beam at a point following the
analyzer image slit, should not be appreciably distorted by
slight departures from the correct object distance caused by

incorrect focussing of the accelerator.

From equation (37) and (38) it can be seen that D and D

increase with increasing values of Yo and y respectively. As the

object distance ¥, increases the double focussing image distance

I3q

decreases (figure 5). For most applications it is equally

important, from the point of view of analyzer performance, that both

Do and D (and hence ¥, and yd) are large, and for this reason a

configuration in which ¥, and yq are equal is chosen. This occurs

for the double focussing parameters
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¥ :yd=2

E, = B = 26°34' (i.e. tan E, = %)
For this D =D = 4,
configuration, ©

M = 1,

and the total energy spread in the analyzed beam is given by,

M=SO+S

Wo 2

(39)

where 8, and 8 are measured in units of r. This configuration gives
the highest energy resolution (lowest fractional spread in energy) for a

double focussing arrangement satisfying the above requirements.

The dependence of the emergent ion beam profile (see point (5)
above) on the object distance can be deduced from figure (7). Here
the vertical focussing image distance ¥, and the horizontal focussing
image distance y have been plotted separately as a function of the
object distance - In addition to the chosen configuration ( tan Eo =
tan E = %), a second double focussing configuration (tan E, = Y
tan E = 0.6; which gives double focussing for Ty * 1) is shown for
comparison. The difference (y - yv) provides a measure of the image
distortion that will occur if Yo deviates from the double focussing
value. It can be seen that, for the chosen configuration the curves,
y vs ¥ and y, vs y, Tun close together over a wide range of
Yos while for the second configuration appreciable distortion of the
beam profile will occur if ¥ departs significantly from the double
focussing value. (Braams and Smith26 have utilized the closeness
of the horizontal and vertical focussing curves given by the first
configuration in an analyzer constructed without rotating elements.
These workers tolerate the astigmatism produced for values of ¥,
differing from the double focussing value, and use a range of values
of % and y.) A more detailed analysis confirms that the chosen
configuration is the only practical double focussing configuration

having this advantage.
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An additional attractive fsature of using values of Eo and E
in this range is that only small changes in Eo and E are required to
give double focussing configurations (figure 5) having a markedly
increased dispersion. These higher magnification focussing configura-
tions are of special interest when an energy stabilized ion beam of

low ion current density is required.

2.2.1.7. THE CHOICE OF r, THE RADIUS OF CURVATURE

A particle of mass m and charge e, accslerated through a

potential difference W, has a kinetic enargy given by,
zmv = eW

where % is the particle velocity (restricted in this discussion to
non-ralativistic velocities). The trajectory of such a charged
particle, moving in a uniform magnetic field, has a radius of
curvature 1, such that the centrifugal force mvg/} is just
balanced by the centripetal force e(zo x B) (equation 1,
section 2.2.1.1) due to its motion in the magnetic field. For
particle deflection in a uniform magnetic field of flux density

B (normsl to r) one obtains

Br = "% (ZmW) (40)

]

Wi

In this work the analyzer is required to bend a beam of ions
having an energy of 500 kev, and having a charge to mass ratio of
1 olectronic charges per nucleon, (e.g. D7 or gHa ** jons). Such

ions have a momentum of approximately,

Br = 145 kilogauss - cm. (41)

Mechanical considerations such as. economy of magnet iron and
coil wire, compactness, the provision of adequate mechanical support,
and ease of aligning the beam tube components, all require that r
should be small. However, the intensity of the analyzed ion beam
(see section 2.2.1.6), and the energy resolution capabilities of the

analyzer increase for higher values of r. FPurthermore as the actual

object and image distances are YT and yar respectively, larger values
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of r allow more room in which to place measuring and vacuum equipment

between the image and object slit boxes and the magnet.

In this work a compromise is reached by meking r only just
sufficiently large to obtain the desired energy resclution with object
and image slit widths of approximately 1 mm. Tentative magnet designs
showed that a value of r = 200 mm was acceptable from all points
of view and enabled advantage to be taken of the maximum permeability
of the iron in the magnet yoke (see section 2.2.2.1). The total
fractional energy spread in the analysed ion beam for this value of

r is 5 parts per 1000 per mm slit width (assuming 5, = s).
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2.2.2. THE MECHANICAL AND ELECTRICAL DESIGN OF THE ANALYZING
MAGNET AND ASSOCIATED EQUIPMENT

2.2.2.1 THE ANALYZING KAGNET:

A magnetic field strength of 7,500 gauss* gives a value of
200 mm for the radius of curvature of a 500 kev DV ion (equation 41).

There is some advantage however in being able to attain a field
+

strength of 9,000 gauss, as this then allows 90o deflection of D2 ions,
over the nominal energy range of the accelerator (0 to 400 kev).

The magnet specifications are, then,

(1) An angle of defleciion of $0° in the horizontezl glane.

(2) A redius of curvaiure of 200 mm in the uniform field region
(3) A distance of 40 cm between the magnetic field boundaries

and the cbject and imege slits.

(4) An angle of 26° 34" between the normals to the pole
boundaries, and the icn beam direction at the point of
entrance and exit to the magnetic field region, together
with the provision of adjustable mechanical elements at
these poirts to erable small changes ir these angles to be
nade.

(5) A maximum field, in the uniform field region of ¢,000 gauss

(0.9 webers/metrez), and

(€) A mechanical support that zllows the heavy magnet to be
positioned with sufficient accuracy to enable the calculated

focussing properties to be fully realised in practice.

* Fooinote Altggugh rationalised mks units are emplcyed ir this work,
the cgs (or more properly emu) units of magnetic flux

density (gauss) and naznetising force (oersted) are used
here for consistency with the established literature on
this subject.
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The shape of the yoke and pole pieces of the magnet are
shown in figure (8). The two coils used to excite the magnetic
field in the magnet pole gap, are would directly onto the magnet
pole pieces. This results in considerably less magnetic flux
'leakage', than if the coils are wound onto the yoke.

In view of the unavailability of high grade magnet iron
(such as Armco or Swedish iron) the magnetic properties of a
locally available low carbon, bright mild steel plate, were
investigated. A ballistic method, described for example by
Bates53, was used. Approximately 600 turns of cotton insulated
copper wire were wound onto a toroidal steel sample having a cross—
sectional area of approximately 222 mmz. The magnetic flux induced
in the sample for a given current in this primary winding, was found
by using a ballistic galvanometer to measure.the charge flowing in a
secondary winding when the current in the primary circuit was suddenly
interrupted53. The magnetic field intensityH, was calculated from
the known primary current, and the magnetic flux density B, from the

observed galvanometer deflection.

The virgin B - H curve, drawn from data found in this way,
is shown in figure (9). The insert in this figure shows the dependence
of the magnetic permeability of the steel, on the magnetic flux density,
B. Although the high magnetic permeability and saturation flux
density (~21,000 gauss) of this steel make it suitable for use in the
construction of the magnet yoke and pole pieces, the high retentivity
is a disadvantage.

This steel is commerciglly available in the form of two inch
thick plate. A second advantage then, of the yoke shape shown in
figure (8) over the alternative horseshoe yoke, is that it enables a
sufficient cross-sectional area of steel to be obtained in the yoke
withodt the need for facing two plates together to form a double
thickness. The need for large area precision grinding is then obviated.
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The number of ampere - turns required in the magnet coils in
order to achieve a given flux density in the pole gap, can be calculated
by regarding the closed path ABCDEFA as a magnetic circuit54’58.

In this method complicated considerations of self-demagnetisation in the
iron yoke are avoided by accounting for the magnetic 'leakage' flux
through the use of empirical rules.

The analogy between a magnetic and a de¢ electrical circuit
may be established by considering a cylindrical magnetic sample of
cross—-sectional area A, length 1, and magnetic permeability .

The magnetic flux density B, within such a magnetic 'conductor' is
related to the magnetic field intensity H, by the equation B = nH.
This equation has the same form as the equation linking the current
density J and the electrical field strength E, within an electrical
conductor of conductivity g, namely J = g E. In the dc electrical
case the current is confined to the high conductivity components forming
the electrical citcuit; in the magnetic case the flux is confined to

the magnetic circuit provided the magnetic permeability within the
circuit is high compared with that of the surrounding media.

Kirchoffs law of currents at a point in an electrical circuit is based
on the conservation of electrical charge. The similar law for magnetic
flux ¢, is based on the conservation of magnetic flux lines. By
analogy, the following magnetic quantities may be defined.

The magnetomotive force (mmf) acting along the length of a
magnetic conductor is the line integral f H. dl evaluated for a path
taken along the conductor length (just as the emf is the line integral
of E). The reluctance of a magnetic conductor can be written in terms
of m, 1, and A Dby analogy with the expression giving the dc

electrical resistance in terms of g, 1, and A, namely

R = 1 (41)

The magnetic flux @ flowing through a magnetic conductor is the
magnetomotive force across the length of the conductor divided by the
reluctance, (cf. Ohms Law)
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Magnetic circuits can then be analyzed in a similar way to
electrical circuits. Two important differences arise, however.
Firstly the magnetic permeability is, in general, dependent on H,
and secondly the ratio of the permeabilities in iron and air is
considerably less than the ratio of the electrical conductivities
in copper and air. In practice this means that the magnetic flux
is not confined entirely to the iron parts of the magnetic circuit
and allowances must be made for flux 'leakage' from the magnetic
circuit.

The reluctance of the magnetic circuit ABCDEFA (figure 8)
can be calculated using equation (41). The section of the yoke
labelled CDEF is in parallel with the similar section of yoke in
the other arm. The total reluctance of this parallel combination
is given by

R (yoke) = ir(-f':,—, +;f?) (42)

where y, 2z, and A  are shown in figure (8), and u is the average
permeability of the iron in the yoke (the value of u depends on

the magnetic flux density in the yoke and therefore differs from

the value of the permeability of the iron in the magnet pole pieces.)
The reluctance of the pole pieces is given approximately by

R - =2 R (43)

P Ap ut
where u' is the mean permeability of the iron in the pole pieces.
The reluctance of the air gap is
- SNSRI ¥,
P o
where.no is the permeability associated with empty space. The total

reluctance in the magnetic circuit is then

R = BR(yoke) +R_+R o (45)
(yoke) » * By
The contribution to the total reluctance, of the iron parts
of the magnetic circuit, depends on the permeability of the iron and
therefore on the magnetic flux density in the iron. On substituting
typical values of the permeability into equations (42) - (44) it can
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be seen that the total reluctance of the magnetic circuit is due,

almost entirely, to the reluctance of the air gap (approximately 95%).
The number of ampere~turns required to produce a field of 0.9 webers/mz,
in the magnet pole gap can therefore be calculated with sufficient
accuracy for preliminary design work, if the contribution made by the
pole pieces and yoke to the total magnetic reluctance, is neglected.

The magnetomotive force around the path ABCDEA is by Ampsies
Circuital Law equal to the number of ampere-turns in the coils. From
the analogy established above, the magneto-motive force also equals the
magnetic flux within the magnetic circuit, multiplied by the total
reluctance of the circuit. If Ap is the area of the pole gap then the
flux required to produce a field of 0.9 (wb/mz) in the gap is 0.9 Ap

(where Ap is in square metres).

To this flux must be added the magnetic flux that bypasses
the air gap and any magnetic flux that has not kept to the iron circuit
(for example that in the coils). These additional magnetic fluxes
are proportional in the first order, to the field in the pole gap and
can be allowed for empirically by multiplying the known flux in the gap
by the factor k. The total flux is then 0.9 Ap k and the number of
ampere-turns (NI) required is
d

NI = 0.9 Ap.k xi_,n
P o

= 0.9 kd/‘n° (where M, is 4W x 10°7 henrys/metre
where k depends on the details of the geometrical configuration of
the magnet, d is the gap width between the pole pieces in metres,
and N is the total number of turns in the coils. The number of
ampere-turns is in the first order independent of the pole face area
A . A second order dependence does arise however due to the

P
variation of k with the value of the ratio Ap/d.

Consideration of the trajectories of particles in the vertical
plane of the magnet (2.2.1.6.), together with an assessment of the
maximum likely cross-sectional area of the beam from the accelerator,
indicates that the vertical aperture at the entrance to the magnetic field
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should be at least 10 mm. In practice this is determined by the
vertical internal dimension of the evacuated beam tube, at the
point of entrance to the magnetic field. On allowing a further

5 mm for the thickness of the walls of this beam tube, and
requiring 0.5 mm clearance between the beam tube and each pole face,
a total magnet pole gap height d, of at least 16 mm is required

and the number of ampere-turns needed is

FI = 11,450 k (46)

Before the number of turns N, in the magnet coils can be calculated
values must be arrived at for the magnet coil current I, and for the
magnetic flux leakage factor k.

Magnet coil current:

From the point of view of coil construction it is in general
easier to achieve a given number of ampere-=turns by winding a small
number of turns of a heavy gauge conductor, than a large number of
turns of a light gauge conductor, especially if the coil former is
large. Trial calculations using the empirical winding demensions
given in copper wire tab19355’57, show that for a given number of
ampere turns, coils containing a small number of turns of a heavy
gauge wire are more compact. The difficulty of design and
construction (and hence price) of highly regulated current supplies
increases with the current supplied. A current of 10 amps was
decided on as the best compromise between coil size on the one hand

and difficulties in power supply requirements on the other.

The magnet pole piece profile:

An estimate of k may be made only when Ap (and hence the
pole piece profile) is kmown. To ensure correct focussing in
agreement with calculations, the magnetic field in the region of
the path of the ion beam must be uniform. The area of the pole
faces should therefore/b%ry much greater than the gap width squared
(i.e. Ap:>>'d2)54. An alternative, and more useful criteria in




41,

practice, is that the perpendicular distance between the path of the ion
beam and the edge of the pole face should be larger than the pole gap
width by a ratio of at least three timesss.

A pole profile consistent with this criteria is shown in
figure (10) and was obtained in the following way. The radius of
curvature of the ion paths in the uniform field region is 200 mm and
the angle of deflection is'n72 radians. The path of the mean particle
in the uniform field region can therefore be drawn (see for example
figure 3(a)). As E, and E (and hence the inclinations € the magnetic
field boundaries to the mean particle path) are known, the lines
corresponding to the magnetic field boundaries can be constructed at
V and W, where the arc VW subtends an angle of 1r/2 at the centre of
curvature of the ion path.

In practice the magnetic field does not drop immediately to
zero at the pole boundary but extends some distance beyond it. The
integrated effect of this non-uniform fringing field on the particle
trajectories, can be accounted for in the magnet design by regarding
the uniform field region as dropping suddenly to zero at an 'effective'
magnetic field boundary located some distance beyond the real pole
boundary. It has become usual to assume that the separation between
the real pole boundary and the effective magnetic boundary is one pole
gap widthzs’so
pole pieces of infinite permeability, suggest that the separation may

although theoretical curves51 based on the assumption of

in fact be somewhat larger than this. This question is discussed
further in Chapter (3). The precise value taken for the separation
does not have a critical effect on the magnet design. The small
lateral displacement and change in magnification of the image that
result from any discrepancy between the real and design values of the
separation, may be compensated for by moving the magnet through a
small distance along the line bisecting the angle between the real
pole boundaries, (the line a - e, in figure 10). For this reason
the real pole gap boundary is simply taken for the purposes of
calculation, as one pole gap width inside and parallel to, the
effective magnetic field boundary.




Incident

MAGNET POLE PIECE PROFILE

Beam.

ION BEAM TRAJECTORY.

Emergent

Actual Pole Gap
Boundary.

Estimated Magnetic
Boundary.

Beam,

FIGURE 10




42,

The longitudinal pole boundaries may be any convenient shape,
the only requirement being that the boundary nowhere approaches closer
than three gap widths to the mean path trajectory. Pole boundaries
made up of straight line sections are used for ease of machining with
the workshop facilities available. As the pole piece profile also
determines the shape of the coil former, acute angles in the pole
profile are removed by the addition of non-magnetic cylindrical
sections which serve both as bushes for the rotating cylinders placed
at the points of exit and entrance, and as mechanical supports for
the coil formers. The resulting profile then gives a suitable shape
on which to wind heavy gauge copper wire.

The value of k obtained using a value of Ap found from a
scale drawing of the pole profile, and empirical formulae given by
Frisch55 and Newlandsss’ is 1.35. This corresponds to a figure of
20% for the magnetic flux bypassing the pole gap and 15% for the flux
lost in the coil windings. A comparison made bhetween the observed
magnetic field strength in the gap of a 4" electromagnet in this
laboratory, and the field strength calculated from the known ampere-
turns, indicates that the safety factor incorporated in the above
leakage flux allowances is probably excessive.

The magnet coils:

On putting k = 1.35, I = 10 amps, and making allowance for
the finite reluctance of the magnet iron, equation (46) shows that a
total number of 1,800 turns will be required in the coils. A total
coil resistance of 10 ohms or leass offers some advantages, as the
price of 10 amp regulated power supplies increases rapidly as the
voltage required rises above 100 volts. Also, in the event of the
regular magnet power supply failing, the current requirements of
the magnet could be met using a 100 volt, 10 amp power supply already
in this laboratory.

In practice a wide range of wire diameters and winding
techniques can be used to construct a coil meeting a given set of
specifications. For example the problem of Joule (12 R) heating

produced in the coils can be overcome in two alternative ways.
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A heavy gauge conductor having a high current rating (i.e. a low
resistance per unit length) can be used. Such a conductor has, in
relation to the heat produced by the current per unit length, a high
thermal capacity and high heat conductivity per unit length. Heat
generated with in the coils is, in this case, rapidly conducted to

the large area, exterior surface of the coil and given up to the
surroundings. Alternatively, a light gauge conductor of lower current
rating can be used and the mte of heat loss from the interior of the
coil increased by cooling the outside surface of the coil. This
second method is chosen for two reasons. Firstly, for a given number
of turns, smaller diameter wire is easier to wind and, secondly, the
resulting coil is more compact.

In this case the coil former serves as a mechanical support
on which to wind the coil, as a water cooled heat sink, and as a
thermal shield placed between the coils and the magnet yoke and pole

pieces. This latter function is important from the point of view of
the stability of the magnetic field in the pole gap (see for example

section 2.2.2.2.).

The coil winding window (of cross-sectional area bh) shown
in figure 8 must be large enough to contain both the coil and the
coil former. The coil formers, shown in figure 11, are made of
1/8 inch copper plate folded into a U section. Partially flattened
1/4 inch copper pipes, soft soldered to the outside faces provide
water cooling of the whole former. The sides of the coil . former-and
cooling tubes occupy 3/4 of an inch of the available winding window
height h. It is convenient to make the pole pieces from two thicknesses
of 2 inch steel plate. The dimension h is then 4 inches and the
interior width of the coil former 3% inches.

For a coil wound in this way, the heat produced in the coil
windings (~1 kilowatt) at the maximum current of 10 amps is estimated
to cause a maximum temperature rise in the coil interior of not more
than 100°C. (see for example ref. 55 and 57). The coefficient of

increase of resistance with temperature for copper is 0.0028 and hence

the resistance of the coils at room temperature (a 160C) should not
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exceed 7.8 ohms, if the coil resistance at the maximum current
is not to exceed 10 ohms. A trial and correction method of
calculation using coil winding data given in ref. 57 indicates
that the smallest diameter wire that can be used without
exceeding 7.8 ohms total resistance, is 12 gauge, (British

S.W.G number) double cotton covered copper conductor.

This wire can be wound at 80 turns per square inch of
coil cross-section. A coil of 900 turns will then have a total
cross section of 11.25 square inches and the depth of a coil of
width 3.25 inches will be 3.46 inches. The average turn is
a distance of 1.855 inches (this figure includes the thickness
of the coil former plus half the winding depth of the coil)
out from the pole piece. A scale drawing based on the pole
profile of figure (10) gives the length of the mean turn as
3.835 feet. A total of 1800 turns of 12 gauge wire (1.018 ohms
per 1000 feet) would therefore have a total resistance of 7.05 ohms.

The distance between the pole pieces and the yoke of
the magnet (the distance b in figure (8)) has been made slightly
greater than that necessary to just accommodate the coil and
coil former. This will allow the current carrying capabilities
of the coils to be increased to about 16 amps (should this prove
necessary in some future application) by simply inserting O.1 mm
shim copper foil between successive layers of the windings (see

figure 11).

The magnet yoke and pole pieces:

The constructional details of the final magnet design
are shown in figures (11) and (12). For the sake of clarity
only the main features and important dimensions are shown.

(The brass spacers shown in the magnet pole gap are to prevent
any flexing movements of the magnet yoke under the magnetic

force of attraction between the magnet pole pieces).

Figures (10), (12) and (13) show details of the rotating
pole sections located at the points of entrance and exit of the

ion beam to the pole gap. These oylinders, made of half steel and
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half brass figure (13), are machined as a close fit in cylindrical
holes in the pole pieces, and can be rotated by means of the

steel shaft passing up through the magnet yoke. The angles

(Eo and E) at which the rotating pole sections are set can be
directly read on scales mounted on the outer surfaces of the
magnet yoke. A setting of 26° 34' corresponds to the steel-
brass interface of the rotating cylinders lying along the pole
boundary (the position shown in figure 12) with the brass section
facing outermost. This is the setting usually used.

The flux density in the yoke is équal to the total flux
in the magnetic circuit divided by the cross-sectional area of
the yoke (308 cmz). For the highest normal flux demsity in the
magnet gap (7,500 gauss), the flux density in the pole pieces

(Ap = 413 cm2) will therefore be 10,100 gauss and the flux density
in the yoke, 13,500 gauss. The permeability of the ikton at these
flux densities is from figure (9), 1450 gauss/oersted and 1150
gauss/oersted respectively. Equations (43), (44) and (45) show
that the iron parts of the magnetic circuit contribute only 5.2%
to the total magnetic reluctance of the circuit for the highest
field no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>