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ABSTRACT

A thin—lené,betaeray spectroneter using ring-focus

collection was modified. These modifications counsisted of;

1) a centering mechanism enabling the source-detector axis

to we aligned with the magnetic axis; 2) an extension of the
vacuum chamber placing the detector further from the magnet
coils. The lattier cbnsiderabl& decreased the magnetic shield-
" ing reguirements forvthe detector. A misaligament of 0.25 mm,
for parallel axes and of 0°09' for interseciing axes produced
noticeably.poorer performance{ Using a gathering power of
.70%, a resolving power of .904% was obtained for the 661.6 Kev.

. >
K~conversion peak of cs137,
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I. INTRODUCTION

A. NUCLEAR SPECTROSCOPY

It has been experimentally evident for some time that
matter is composed of atoms. These atoms are minute particles
and consist of a combination of a number of other, more funda-
mental particles. The number and arrangement of these funda-
mental particles determine the properties of any particular
atom and, generally, make it distinguishable from other atoms
with a different number and/or arrangement of fundamental
particles. Basically, atoms consist of a heavy, positively
charged core, called the nucleus, around which negatively
charged particles, called electrons, '"orbit". Nuclear physics
is the study of the characteristics of the nucleus. The
purpose of nuclear spectroscopy is to establish some of these
characteristics.

To a first approximation, the nucleus is composed of two
kinds of particles called nucleons, a positively charged
particle called the proton and a neutral particle, the neutron.
The number of protons, Z, the number of neutrons, N, their
motions and interactions determine the nuciear characteristics.

Nuclei may be stable or unstable. The unstable ones are
termed radioactive and decay to states of lower energy usually
through the emission of radiation of some kind. A particular

nucleus may exist in any one of several nucleonic configurations,
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each with 1ts characteristic enérgy. The lowest energy level
is called the ground state and an§ nucleus in a higher energy
state may decay to this ground state by the emission of energy
in the form of electromagnetic radiation (photons or gamma-
rays). A radioactive nucleus may also decay by pérticle'
emission, where energy is removed kinetically. Generally,
during particle emission, the number of neutrons or the number
of protons in the original or parent nucleus changes, thereby
producing a new or daughter nucleus. In the low energy region
the predominant modes of radioactive decay are gamma-ray
emission and beta-particle emission. The beta-particles may
be negatively charged (the negatron, experimentally identical
with the atomic electronl) or positively charged (the positron).
The function of the nuclear spectrometer is to study the
energy of the beta-particles and gamma-rays emitted during
radiocactive decay in the low energy region and to use the ex-
perimental data obtained to give information concerﬁing the
angular momentum (spin), the energy levels and the parity* of
the nuclear states involved in the decay. It is hoped that
this data with data collected in other branches of nuclear
physics will enable physicists to construct a theory capable

of explaining and predicting nuclear phenomena.

¥ Parity arises from the wave mechanical considerations
of the reflection properties of the spacial part of
solutions of the wave equation.



B. BASIC IDEAS ON BETA- AND GAMMA~-DECAY

A brief summary of present nuclear theory, in particular
beta-decay and "internal conversion'" theory, consistent with
the experimental evidence collected to date is given below;

. The types of decay of particular interest are:

1) Beta-particle decay; an unstable nucleus emits a

negatron or positron. The parent nucleus containing Z protons
and N neutrons decays to a daughter nucleus containing Z + 1
protons and N T 1 neutrons., The nucleus may also reach a
lower energy state by the capture of an orbital electron,
leading to the formation of the same nucleus as is reached by
positron decay. This is called orbital electron capture,

2) Gamma-ray emission; an unstable or excited nucleus

spontaneously emits electromagnetic radiation and drops to a
lower energy state of the same nucleus. The energy (hV) of

the gamma-ray equals the energy difference of the states
involved. (h - Plank's universal constant. ) ~ the frequency
of the emitted gamma-ray.) The lower energy state may or may
not be the ground state of the nucleus. 1In the event that it
is not, subsequent decays will occur until this state is
reached. ‘An alternative method of de-excitation may occur
when the excitation energy is transferred to an orbital electron.
The orbital electron escapes from the atom with an energy equal
to h) - E, where E;, is the binding energy of the atomic

electron to the nucleus. This last mode of decay is called



"Internél Conversion'".

In general, a decay scheme consists of a combination of
these modes of decay and often may be quite complex. Two
decay schemes are shown in Figure 1. Here '81- and /32_ represent
beta-partiéle emission and y represents electromagnetic radi-
ation which may or may not be accompanied by internal éon—

version.

Beta~decay.

Nuclei with the same mass number, i.e. A = N + Z, are

called isobars. Members of an isobaric group differ in Z
(and N) and in their actual nuclear masses. All beta-decays
occur between members of the same isobaric group; in negatron
emission the nuclear charge is increased by one positive unit;
in positron emission or orbital electron capture the nuclear
charge is decreased by one positive unit. To decide if some
ﬁode of particle decay is energetically possible one must
consider the masses of parent, daughter and emitted particle.
Let "a" represent a parent nucleus, "b" and '"c" represent the
product of its decay. Then decay will occur only if
M(a) > M(b) + M(c) where M(x) represents the nuclear mass of
the x particle. The excess mass m = M(a) -_M(b) - M(c) is
accounted for by the extra kinetic energy of the two product
particles, using Einstein's energy equation E = m cz.
Considering the atomic mass M, (Z, A) as distinet from

the nuclear mass M(Z, A) we see that the above types of decay

are energetically possible if:
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Mot (2, A) > My (Z + 1, A) for negatron decay
Moy (3, A) > Mz (Z -1, A) + 2 M, for positron decay

Mai (Z, A) > My (2 -1, 4) : for orbital

electron capture

where M, is the rest mass of the electron.

Orbital electron capture produces the same daughter
nucleus as positron emission. It usually occurs in decays
where positron emission is present and, because the mass re-
quirements are not so Severe, it sometimes occurs where positron
emission is impossible.

For any group of isobaric nuclei the higher mass members
always tend to decay to those of lower mass. For isobaric
groups of odd A there exists only one stable member which is
the end product to which all other isobaric members decay.
However, for even A nuclei there may exist two or more stable
nuclei in the same isobaric group. This is because the mass
of even Z, even N nuclei is often less than the mass of either
of its two odd~odd neighbours and so, if a lower mass state
exists, the even-even mﬁclei can only reach it by double beta-
decay. Ingrahm and Reynolds showed that the half life period
for double beta-decay of Tel30 ig 1.2 x 1021 years, so that
if this process occurs, it is very infrequent.

The decay scheme (Fig. 1) suggests that the beta-particles
are emitted with discrete energies. One would expect, if

number of beta-particles emitted per unit time were plotted
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as a function of energy (or momentum), that only at certain
energies would bheta-~particles be observed and these would
correspond to the energy differences between the initial

and final states. Such is not the case, however. Experimental
evidence shows that the beta-energy spectrum is a continuous
distribution, up to some end point energy (referred to as

E Frequently, spectral "lines" or peaks (Fig. 2) are

max. ) -
superimposed on the continuum. These peaks are due to the
internal conversion electrons. The continuous energy dis-
tribution, on the other hand, poses a dilemma, not easily
resolved if one accepts the assumption that nuclear energy
states are fixed, since fixed energy states would suggest a
"line" structure for the primary beta~decay as well. The law
of conservation of energy appears to be violated.

From a consideration of the angular momenta involvedv
in the decay, i.e. the spins of the initial and final states
and of the electron, it appears that the law of conservation
of angular momentum is also violated. Finally, it may be
shown that ''statistics" are not conserved if only the beta-
particle is ihvolved in the decay.

These three difficulties, i.e. the energy continuumn,
angular momentum and statistics, may all be overcome if one
acceéts Pauli's suggestion that the beta-decay process in-
volves the simultaneous emission of two particles -- the

electron and the neutrino. The neutrino is postulated to

be a new fundamental particle with no charge, very small mass
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(probably zero), sﬁgn equal to 3 and which obeys Fermi-
Dirac statistics. The existence of the neutrino now seems
to be confirmed, experimentally. |

In this concept the energy of the decay is shared
between the two particles. According to the theory of the
process worked out by Fermi, the beta-particle's energy

distribution may be expressed by
P(E)dE a F(Z,E)p?(Ep,, - E)2dE (1)

where P(E)JE 1is the fraction of disintegrations which
emit beta-particles with energy between

E and E + dE

Enax is the maximum energy observed in the
spectrum

E is the ehergy of the heta-particle

P is the momentum of the beta~particle

F(Z,E) 1is a complicated function which describes
the effect of the Coulomb field of the

nucleus on the emitted beta-particles.

From Equation (1) we see that N(p) a (Emax - E) where
p2F
N(p) is the number of heta-particles emitted with momentum p.

Hence, if we plot -E%El as a function of E we get a straight
p<F .

line intersecting the energy axis at E ... This is called a

Fermi plot. 1If other independent beta-groups are present in

the spectrum then the end point energies of these groups may
I _
be obtaired by subtracting successive contributions from the



composite Fermi plot.

Equation (1) is Dased on the assumption that the spin
change (A1) is +1,0 and that there is no parity change. This
is the most probable mode ofbbeta—decay and is called an
"allowed”" transition. All other transitions are called
"forvidden", the degree of forbiddenness depending on the

alue of AT and the presence or absence of parity change.
Equation (1) gives a straight line plot only during allowed
trénsitions.

For forbidden transitions, involving higher spin changes
and possible parity changes, the "constant" in equation (1)
pDecomes energy dependent and so gives a non-linear Fermi plot.
Certain correction terms have been worked out and by applying
these, it is possible to determine the degree of forbiddenness
of the decay in questioun.

If P(E)4E represenis the probability of beta-emission in
the energy interval (E,E + dE) then the probability, A , that
the nucleus will decay by the emission of an electron in a

particular beta group is:

EM‘I.

A= v/r P(E)QE.
~0

This A may be said to equal af where "a'" is a constant
and.”f” is some function of Z and E. This total decay proba-
bility, A , has dimensions disintegrations/time. Hence 1/3
is the mean life (T) of the excited particle. It can be

shown that the mean life, T, and the half life, T%, are re-
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i T

T- —2 = _ = —

In 2 ;\. af
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The quantity fT% is called the comparative half-life of the
transition. The logarithm of fT% has been found convenient

to work with in the comparisqu of beta-decay groups and is a
useful way of indicating the degree of forbiddenness and hence

spin and parity changes ol the decay.

Gamnma-decay.

As has been stated, a nucleus in an excited state may
decay spontaneously to a lower state of the same nucleus by
the emission of a gamma-ray. The energy of this gamma-ray is

given by:

where E2, E1 are the energies of the upper and lower
energy states., |

The nucleus may also decay to this lower emnergy state by
giving this energy to an electron ian the K,L,...-shell of the
same atom. The electron is then ejected with energy h) - Eg,
h) - Ey, ... where E, E;, ..+ are the binding energies of
the orbital electrons.

This last de-excitation process is called internal con-

version and the ejected electrons, conversion electrons.
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These conversion electrons are emitted at discrete energies
and will appear in a beta-energy spectrum as sharp peaks or
conversion lines (Fig. 2). Those electrons in the innermost
shell will have the greatest interaction probability with the
nucleus.. Thus the K-conversion line, usually, will be more
intense than the L line, and so on.

The total probability, A, that an excited nucleus will
decay depends on the probability of gamma-emission, Ay, and
the probability of internal conversion, A,. The probability
of internal conversion may be broken down into probabilities
of K conversion, L conversion, etc. Thus

A=A, tAg = A

'Y +x}{+?\L+ e o

14
The ratio of the number of decays by internal conversion to
the number of decays by gamma-emission is called the con-

version coefficient and is given by
=-——+_+.oo=aK+aL+ooa

where «ai, 27, ... are K, L, ... conversion coefficients.

To determine these coefficients experimentally; it is
necessary to compare the relative intensities of the different
modes of decay. ;
While the intensity of interﬁally convertedvgamma—rays

can be measured by the use of a beta-ray spectrometer, the

intensity of gamma-rays cannot be measured directly. However,
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if the gamma-rays are allowed to strike a foil, of high 2
material, placed near the source, they will undergo a process
called external conversion or a photoelectric process. In
this process the energy of the gamma-ray is transferred to
an orbital electron in the foil (or target) and the electron
is then ejected with an energy equal to that of the gamma-ray
less the binding energy of the orbifal electron. Electrons
ejected in this manner are called photo-electrons and may be
analysed in the spectrometer. The foil, as a source of photo-
electrons, becomes the source as seen by the spectrometer.

One might thus expect that a comparison of intensity
measurements on internally and externally converted electrons
would give sufficient information to determine experimentally
the conversion coefficients. As theory predicts that thesé
coefficients are functions of certain nuclear characteristics,
the experimental evaluation of these coefficients would give
valuable information on the spins and parities of the nuclear
energy states.

Unfortunately, because of the lack of detailed knowledge
of the photo-electric cross-section of the target in the low
energy region where the internal conversion process pre-
dominates and because of the variation of the angle of
emissipn of the photo-electrons with energy, one cannot use
the external conversion spectrum for reliable comparison with
the internal conversion spectrum. All one'can do is compare

photo-electron intensities of gamma-rays whose energies are
Q .
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not too different.

However, the spectrometer may be used for a comparison

of K, L, M, ... internal conversion intensities for any one

transition. Values of these ratios, %K, %K . . for various
ay, aM

Z values, have been tabulatedz. A comparison of measured and

theoretical values of these ratios may give information con-
cerning the nuclear states involved.

As illustrated in Figure la, nuclear states may decay by
the emission of a gamma-ray or conversion electron. Frequently,
many energy states are involved and the nucleus may emit
multiple beta- and gamma-rays (Fig. 1b). In the majority of
cases, exclited nuclear states decay to lower states very
quickly, for all practical purposes instantaneously. Re-

latively few nuclear states have lifetimes greater than 10-10

secs. Such states are called isomeric states3’4 and this
designation merely means that the lifetime can be measured
with techniques now available. These "cascade'" decays are
referred to as gamma-gamma-coincident decays.

Analysis of these cascade decays, of beta-gamma~decays
and of the angular correlation between the beta- and gamma-
rays or between two gamma-rays in cascade are useful in de-

termining spin and parity changes and sometimes these

analyses are performed with the aid of a spectrometer.
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C. EARLY SPECTROMETERS AND THEIR CHARACTERISTICS

As we have shown, measurements on nuclear transifions
are important in the development of a' consistent nuclear
theory. These measurements may be obtained by the use of
various instruments. In particular, spectrometers q;e_used
for measurements on internal and external conversion elec%rons,
primary beta-particles and for coincidence and angular corre-
lation work. These proéesses can only be studied properly if
reasonably accurate energy and intensity measurements of the
converslion electron lines and of the primary beta-groups can
be obtained. This is the function of the beta-ray spectrometer,

Beta-ray spectrometers may employ electrostatic or magnetic
focussing. The electrostatic spectrometer is energy selective
while the, more generally used, magnetic spectrometer is
momentum selective. !

The electron trajectories in the magnetic spectrometers
are determined by the momentum of the electron and the magnetic
field such that

Bev = EXE
P
where B is the component of the magnetic field normal to
the particle's direction of motion
e,m,v are the electron's charge, relativistic mass and
velocity

f’ is the radius of curvature of the electron's path.
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The magnetic stiffness, EBF , is normally used as the abscissa
in plotting an electron spectrum and is proportional to the
electron momentum (mv).

A spectrometer's two most important characteristics are
its transmission (% collected) and its resolving power. These
will be discussed in more detail later. 1In practice, the ob-
taining of ideal transmission and resolving power is limited
by electron optical aberrations, source size, detector back-
ground, field form, power consumption and cooling, flexibility
and economy, accurate adjustments (e.g. alignment), etc. A
variety of spectrometers have been designed to minimize
different combinations of these limitations and often are
designed for analysis in either the low energy or high energy
regions. For example, electrostatic spectrometers can eco-
nomically and practically be used only in the low energy region,
a field of 300,000 volis/cm. producing the same radius of
curvature as a field of 1000 gauss.

Magnetic spectrometers may be divided into two groups, -
flat and helical. 1In the flat spectrometers the magnetic
lines of force are mainly in a direction normal to the electron's
patih while in the helical spectrometers the lines of force are
mainly in the direction of the electron's path.

The first determinations of beta-particle emnergy by their
deflection in a magnetic field were carried out by von Baeyer
and Hahn5 by the "direct deflection method". Beta-rays emitted

from a radioactive source were allowed to pass through a narrow
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slit and then, after travelling an arbitrary distance through
a magnetic field, were recorded on a photographic plate.

Only crude measurements of intensity were possible since no
attempt was made to focus the beta-rays.

The first magnetic focussing device, the semi-circular
focussing spectrometer, soon followed, after a suggestion by
DanyszG. It is based on the geometric fact that if two
circles with the same radius are drawn with their centres
separated by a small distance with respect to the radius then
they intersect at approximately diametrically opposite points.
The chief disadvantage of the semi-circular focussing
principle is that there is only one-dimeansional focussing,
i.e. in the plane of the circles. In 1946 a device was
developed which combined many of the advantages of the one-
dimensional focussing with those of the two-dimensional
helical or lens focussing. This was the double focussing
spectrometer7.

Another flat spectrometer developed was the third order
focussing spectrometer which corrected for the spherical
aberration characteristics of the homogeneous magnetic field
used in semi-circular focussing by shaping the magnetic field®9,
Still others include those arranging a focussing "prism” field
where the source and detector are outside the magnetic field
or a sector field with inhomogeneous fields and shaped pole
pieces10

The helical or lens-type spectrometer was first suggested
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by Kapitza in 1924 (referred to by Tricker in reference 12),
the electron focussing properties of short and loang coils
having been known for some time. Busch11 was the first to
peint out the close analogy between light and electron optics
if one replaces the optical lens by a magnetic '"lens".

If electrons are emitted from a source, placed on the
axis of an axial symmetric field, at some angle (other than
0° or 90°) with respect to this axis, they will follow helical
trajectories and return to the axis at some point P. (Fig. 3)
Of course, the angle of emission cannot be so great as to
carry the electron out of the influence of the magnetic field.
Due to spherical aberration the maximum convergence of these
trajectories occurs, not on the axis, at P, but at some ring
of points concentric with the axis, i.e, at the "ring focus", F.
This is typical of all lens-type spectrometers whether the
field is homogeneous (solenoidal spectrometers) or inhomo-
geneous (long and thin lens spectrometers).

The first attempts to use a magnetic lens for beta-ray

12

spectroscopy were made by Tricker who used a long uniform

field, i.e. a solenoidal spectrometer, and Klemperer13 who
used a short field. These early instruments could not compare
with the performance of the flat spectrometers because no
serious efforts were made to improve their performance. The
potentialities of these helical instruments were not fully

14

realized until the early forties when Witcher developed the

=
solenoidal spectrometer and Deutsch et al.lo’ls, the short
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lens spectrometer. The short lens used by Deutsch played
the predominant role in the accumulation of data which
followed the successful introduction of the lens method.
This is not meant to imply that the short or thin lens gives
the best performance. It is flexible in its performance and
easy to construct with source and detector out of the magnetic
field, an important feature in angular correlation work and
in detector shiclding. Also it is felatively inexpensive to
construct and requires less electric power to operate than
do most other magnetic spectrometers. However, it has in-
herently larpge spherical aberration.

The characteristics of other helical spectrometers may
be mentioned. The solenoidzl spectrometer had the advantages
of a uniform magnetic field, so that electron trajectories
may be colculated rigorously, of casy adjustment and of
relatively low seusitivity to outside fields. However, they
have large power requirementé. Still better performance is

Ltainahle by field forming. This technique is employed in
the "intermediate image" spectirometer where the electrons
pass through two adjacent lens fields, the first focussing
in the wnormal way to 2 ringfocus and the second reversing
the process by having a field the mirror image of the first.
Thus the final result is an axial image. Ancther example is
the long lens spectrometer which thecretically has signifi-
cautly less spherical aberration than the thin lens spectrometer.

The chief advantages and disadvantages of the thin lens



-18-

spectrometer have already been mentioned and it is this type
of spectrometer which is in use in this laboratory. A simple
diagram is shown in Figure 4. 1Its operation is clear fronm
the previous discussion. The gamma-bafile is to protect the
counter from direct radiation and the other baffles are for
electron selection. Only those electrons which pass through
the entrance and exit baffles are counted. Since the path of
the electron depends on the magnetic field and electron
momentum, one may, by keeping the radius of curvature constant
and varying B, determine the relative intensity distribution
of the momentum of the electrons beirng emitted by the source

and collected by the detector.

Some important specirometer parameters. :

it is convenient in the discussion of a spectrometer’s
performance and for comparison with other spectrometers to
define the two parameters already mentioned, transmission and
fesolving power, and several others in précise mathematical
terns.

Transmission: The transmission, T, is a measure of the

collecting power of the spectrometer and is expressed as a
percentage. T is the percentage of electrons emitted by the
source that reach the detector and are counted when the
instrument is adjusted to focus these electrons, i.e. the
fraction of the solid angle at the source '"'seen" by the

detector. Related to T is the gathering power,w, defined



as the ratio of the solid-~acceptance angle, £L, to the total

solid angle. It is defined by the entrance baffles,

L
W = e Of course, T £ W

Resolution: The resolution, R, is a measure of the

selective power of the detector system. 1If monoenergic
electirons are emitted by the source, as in the case of con-
version electrons, they will not appear in the speétrum as
lines but rather as peaks of finite width. This is caused

by scattering, finite source and baffle size and the inherent
spherical aberratiou of the focussing field, all of which
pronibit a "point" (or ring of points) focus which is required
for true spéctrum lines. The resolution, R, is defined as a

percentage by the equation:

R - ABP)
Be

where }BP is the magnetic stiffness of the focussed
electrons
A OBP ) is the peak width at half intensity.

Dispersion: Dispersion, D, as the name implies, is a

measure of the ability of the instrument to separate adjacent
energies. Thus we see for an instrument to be of any value
the dispersion or line separation must be greater than the
line or peak width. It is defined as ‘

dx
d(BF )

=
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where x is the co-~ordinate of the focus.

4 consideration of the two parameters, transmission
and resolution, shows that they are, to a certain extent,
mutually conflicting. If one improves the transmission
by increasing the source size or by opening the entrance
slot, the resolving power decreases. The ratio of trans-

mission to resolution, is a good measure of the quality

T
E 2
of a spectrometer and is used extensively in the comparison
of spectrometers. It is referred to as "the Figure of

Merit".
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11. THE DEVELOPMENT OF THE THIN-LENS SPECTROMETER

The first major contributions to the theory_and con-
struction of thin-lens spectrometers were made by Deutsch

1,16

et a . They calculated the electron trajectories using

the procedure of Busch11

and analysed the spherical aber-
ration effect theoretically and experimentally. With source
and detector on the axis of the magnetic field they varied
parameters such as source size, emergent angles, etc. They
used a baffling system to define the electron path, thus
determining the resolution and transmission of the spectrome-
ter. Other baffles were used to stop direct gamma-rays from
reaching the counter and to reduce counts due to secondary
electrons scattered from baffles and from the vacuum chamber
walls. Also by using a spiral baffle they were able to
distinguish between positrons and negatrons. It is important

to note that collection by means of a geiger counter was made

on the axis. This limited the practical transmission to small

values, since only in these circumstances was the axial
"image" small enough to be handled conveniently. They also
observed that good alignment of the magnetic axis and source-~
detector axis was neéessary for optimum focussing and thus for
best figure of merit.

As can be seen from Figure 3, a calculation of the
electron trajectories shows that the envelope of mono-

energetic electrons emitted by the entrance baffle has, after



-22~

passing through the field, its point of maximum convergence
not on the axis but on a ring of points circumscribing the
axis. This fact led several workersl?,18,19,20 4, jn¢roduce
an annular slit at the ring focus. This improved the Figure
of Merit by a factor of 2. Due to the divergence of the
electron envelope past the ring focus, an axial detector

must be fairly large to collect all the electrons and hence
is subject to large background noise or if it is made smaller
to operate at lower background it causes a loss in trans-
mission. A realization of this fact led J.A.L. Thompson
(unpublished) of this laboratory to investigate the collection
of electrons at the ring focus.

Thompson's detector consisted of a ring of anthracene
scintillation crystals '"cemented" with high viscosity sili-~
cone oil into a groove on the open lip of a lucite "light-
cone'", The light cone was optically coupled, using the same
oil, to a photomultiplier tube.

Various detector systems were tried with a view to ob-
taining the best signal-to-noise ratio possiblé. The system

described by K.C. Mann and F.A. Payne2l

and shqwn in Figure 5
being one of the most recent. It is this detector system,
with some minor alteratioms, which is in use in this labo-
ratory at the present time. The present detector system will
be described in detail in a later section.

While the detector used by Mann and Payne21 was con-

siderably further away from the magnet coils than the source
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it still lay within a residual megnetic field, which affected
the performance of the photo-tube at high magnet currents.

The photo-tube was shielded from these fields by placing the
entire detector system (lucite and all) in a Conetic shield
and by placing a Mu-metal shield around the photo-tube itself.
It was found that this arrangement gave sufficient protection
to leave the photo-tube output unaffected by the magnetic
field for electron momenta less than 4,000 gauss~cm. However,
above this momentum it was found that the greater focussing
field began to reduce the photomultiplier output pulse.

Figure 6 shows the relative positions of source, magnet
and detector, of the entrance and exit baffles and of the
source centering controls used by Mann and Paynezl. The
entrance baffling system was mounted rigidly to the source
holder which was mounted on a centering mechanism capable of
moving the source to any desired position in a plane perpen-
dicular to the magnetic field axis. This was found to be
absolutely necessary, particularly when the baffles were
chosen for optimum resolution, since otherwise the circular
ring focus of the electron beam was not necessarily concentric
with the annular exit slot. Before centering the source, the
spectrometer was aligned in the center of the magnet as well
as possible by visual observation. Even after source center-
ing it was unlikely that the source-detector and magnetic axes
were coincident, since the centering mechanism did not give

the required number of degrees of freedom.
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They investigated the performance of this instrument
using a constant source-detector distance of 62.7 cm.;
entrance baffles giving gathering powers of 0.7, 1.1 to 1,6%,
the tangent of the mean angle of each trajectory envelope
being .4, .385 or .352; ring focus detection by means of a
5.15 cm.mean radius circle of anthracene scintillation

137 source mounted on a thin aluminum

crystals and a Cs
backing. For each gathering power they obtained an optimum
source to magnet—coil—cenfer distance, S, by installing a
large exit slot and observing the profile of the 08137 con-
version peak for different S positions. The optimum value
of 8 was considered to he the one of the set which gave a
peak profile having maximum transmission and hest resolution.
(The two occurred simultaneously.) They then matched the
annular exit slot with the annular entrance slot by reducing
the exit slot width until the transmission started to d;op.
Each reduction in exit slot width before the transmission
started to decline improved the resolution. Any further
reduction did not improve the resolution but did cut down
the transmission. The baffles were matched when maximum
transmission and minimum resolution were obtained.

A comparison of the performance of some helical spectrome-

ters was tabulated and that table is reprinted here:
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TABLE I

Comparison of some high-performance helical spectrometers.

Type Iron (%) R(%) (_;_;’_) x 100
Solenoidal No 2 0.4 500
Intermediate image No 4,5 1.6 280
Long lens Yes 6.3 2.4 262
Solenoidal Yes 3 1.2 250
Long lens Yes 2.7 1.3 208
Intermediate image Yes 8 4 200
Intermediate image Yes 10 5.5 180
Long lens No 11 9 122
Thin lens No 1.6 1.37 118

€§ x 100 represents a rough figure of merit.

The modified spectrometer described above has certain
limitations.

1) Magnetic Shielding. The source-detector distance is
small enough to cause the detector assembly to lie in a
residual focussing field. At sufficiently high magnet currents,
this field adversely affects the photomultiplier output. |
Calculations show that an increase of 20 cm. in the magnet-
detector distance would practically eliminate the shielding
problem.

2) Centering and Alignment. It has been found that
source centering is very critical. There is evidence that
centering by source movement only, produces an "optimum”" for
any relative position of source-detector and magnetic axes.
However, if these two axes are not coincident, this "optimum"

may not be the best attainable. This condition conceivably
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could be improved if a method of bringing the two axes into
coincidence were adopted.

3) Source Position. In the modified spectrometer the
source is placed 11.6 cms. inside the end of the vacuum
chamber. The walls of the chamber and the source centering
mechanism behind the source prohibit one from modifying the
end plate for angular correlation work. A simpler source
holder which places the source at the end of the chamber
would permit the possible use of the spectrometer for angular
correlation work.

4) A minor inconvenience is the necessity of disturbing

the source to reach the detector.



ITI. PRESENT INVESTIGATION

A. INSTRUMENTATION

The present investigation was carried out on a spectrome-
ter similar to the one used by Mamnn and Payne. The major
differences in the two spectrometers are:

1) The magnetic field is formed by three sets of windings
instead of four. (The innermost but one winding had, sometime
before, shorted to the case.) Thus the field strength is
correspondingly smaller for ﬁ ziven magnet current,

2) The vacuum chamber has been extended by a cylinder of
brass 38 cms. in length and of the same diameter as the
original chamber. This extension, shown in Figure 7, houses
the detector assembly.

3) The end of the chamber which housed the source now
holds the detector and vice versa. Also the source assembly
has been constructed so that the source lies in the plane of
the end of the chamber (Fig. 8).

4) A centering mechanism has been introduced so that
-accurate axial alignment can be made.

The source holder, the entrance baffle and their means
of “Ltachment to the chamber are shown in Figure 8. The
entrance baffle is attached in a fixed position to a plate
which in turn is fixed to the end of the chamber. The source

is attached to this plate so that it can be positioned on the
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central axis of the entrance baffle, In this way, the source

or entrance baffle may be replaced without materially disturbing
the assembly alignment. Also this assembly allows the source

to be removed easily and exposes it for possible angular
correlation work. In addition, Figure 8 shows a "low energy"
baffle, This baffle protectis the detector from any low energy
electrons which might otherwise pass outside the entrance
baffle and be focussed.

The end of the chamber containing the detector assembly
is shown in Figure 9. The electrons, after travelling through
the annular slot in the face of the anetic shield, pass
through the exit baffle and impinge upon anthracene crystals
placed immediately behind. The exit baffle defines the ring
focus which has a mean radius of 5.15 cms. The scintillation
crystals are embedded in the face of a lucite cone with the
aid of a silicone gel and the cone is coupled to the photo-
sensitive face of a photomultiplier tube bLiy silicone oil..
This cone, and hence the crystals, is kept in place by a
bakelite ring and a screw. The hakelite ring surrounds the
base of the cone and is cemented to the photo-tube face. The
screw passes through the face of the Conetic shield and
screws through the exit baffle., The screw, by pushing against
the face of the lucite cone, forces the cone against the
photo-tube and forces the photo-tube into the base of the
Mu-metal shield. Since the Mu-metal shield is fixed with

respect to the Conetic shield and since the exit baffle is

¢
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attached to the face of the Conetic shield by a mild steel
cap, the whele assembly is fixed with respect to the Conetic
shield. The crystals therefore are always immediately behind
the exit annular slot. Finally, by means of ring supports

on the inside of the chamber and on the outside of the
Conetic shield, the Conetic shield is placed in a fixed
position with respect to the chamber, This position is
approximately in the center of the chamber and is always
reproducible.

The Conetic shield was obtained from Perfection Mica
Company, Chicago, Ill. Inside this shield and surrounding
the photo-tube is a Mu-metal shield used to diminish the
effect of low fields which peneirate the Conetic cores. The
photomultiplier‘tube used is a Dumont 6364 which has a 5"
diameter photosensitive cathode. It was selected from the
three tubes available because it had the hest signal-to-
noise ratio. Normalizing the signal-to-noise ratio of the
photo-tube used to 1, the corresponding signal-to-noise
ratios of the two remaining photo-tubes were found té be .74
and .35, Finally, the sides of the lucite cone are short
and were machined in the form of a section of a logarithmic
spiral. The sides and front face (except for the crystal
area) are covered with aluminum foil so as to minimize photon
loss through the sides and end of the cone.

Each baffling system consists of two baffles, an inmer

and an outer. The inner baffle is attached by means of
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"spider" legs (as shown in Fig. 10) to the outer baffle
which 1s attached to a support fixed with respect to the
vacuum chamber. These spider legs and baffles were care-
fully machined so that they fitted together exactly and so
that different permutations of baffles could be made without
requiring adjustments to the system., Entrance haffles were
machined to give gathering powers of 1.5%, 1.1% and 0.7% at
each of three mean admission angles. The tangents of these
angles are .400, .388 and .353. Sets of exit baffles were
machined to provide variation of the ekit slot width by .25 mm.
steps from 2.25 mm., to 4 mm,

With this design one may remove the source holder or
detector assembly separately, so as to change baffles, source,
crystals, etc., and replace the source holder or detector
assembly with a minimum amount of readjustment. Because of
the additional chamber length and the removal of the bulky
source centering mechanism, the source-detector distance has
been increased from 69.7 cms. as used by Mann and Payne to
100 cms.

The aim of the new centering technique is to obtain
coincidence of the magnetic axis and the source-detector axis.
The magnetic axis is fixed by the position of the magnet coils.
The source-~detector axis is fixed with respect to the vacuun
chamber. Therefore, to obtain axial alignment and coinci-
dence, it is necessary to be able to control the orientation

of the chamber axis with respect to the magnetic axis, i.e. to
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be able to move the chamber laterally to any two dimensional
grid position and to rotate it with respect to the fixed
nagnetic axis. The raage of motion is, of course, limited

by the size of the magnet coil opening. Finally, since the
source-magnet distance is a parameter which cannot be constant,
one must also he able to move the chamber longitudinally along
its own axis.

To achieve this, the entire chamber is supported on two
identical stands which were constructed to permit the required
freedom of motion. An illustration of the stands used is
shown in Figure 11. The two stands are placed on the spec-
trometer table in line with the magnet coil opening. The
vacuum chamber rests on the corrugated rollers which permit
motion of the chamber perpendicular to the magnet (i.e. a
variation of S). As can be seen from Figure 11, one can move
the chamber horizontally by turning dial A, or vertically by
turning dial RB. i

The circumference of thne centering dials 1is divided
into 10 divisions so that the relative motion of the chamber
may be observed and so that the chamber may be returned to
any set position. The motion of the chamber is determined
by the motion of the screw threads attached to these dials.
Since these screws have 25 threads to the inch, a rotation
of one tenth of a revolution on the dial moves the chamber
approximately .1 mm.

The axis of the magnet is placed parallel to the hori-
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zontal component of the earth's magnetic field so that un-
favourable defocussing effects due to the horizontalvcom-
ponent of the eartih's field are minimized. The vertical com-
ponent is minimized by passing a direct current of 1.1 amperes
tarough two compensating coils, contained in two horizontal
plznes above and below the specirometer. They are 1.1 meters
by 1.6 meters and the planes containing them are separated by
1 meter. The vacuum chamizer lies midway between these two
coils. A currentlof 1.1 anmperes in these coils creates at
the nid-point of the electron envelope, a magnetic field
equal in magnitude but opposite iv direction to that of the
vertical cbmponent of the earth's field.

The d.c. magnet current is obtained from a 110 volt
d.c. line. The curreunt is regulated as follows. The current
passes through'the magnet coils, a bank of 6AS7 triodes aund
a standard 0.03 L resistor. The voltage developed aecross
the standard resistor is balanced by a control chassis against
the output of 2 potentiometer. Any error signal hetween these
two provides a compensating voltage to the grids of the
6AST's. Regulation in current to 1 part in 10% is achieved.
By varyling <The potentiometer sciting, the magnet current can
be varied from 0 to 10 amperes (H - to 3,000 gauss-cm.).

The photomultiplier H.T. is obtained hy tapping the
desired voltage from a bank of voltage reference tubes placed
across the output of a regulated H.T. supply. Photomultiplier

pulses pass through a cathode follower circuit mounted on the



vacuum chamber (see Fiz. ©) into a commercial amplifier
and bias discriminator whose constant height output

pulses are counted by a scalar.
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B. EXPERIMENTAL TESTS

The chiel purpose of the present investigation was to
study the effect of the centering mechanism on the per-
formance of the spectrometer. As has been sfated, it is
believed that for best performance the source-~detector axis
(fixed with respect to the vacuum chamber) should coincide
with the axis of the magnetic field. Since the magnetic
axis is fixed, the vacuum chamber must have sufficient freedom
of motion to permit this axial alignment. It is necessary
that the supports allow one to move the chamber axis anywhere
within a small solid cone which has its apex at the magnet
center and its axis along the magnetic axis. Also the supports
must allow one to move the chamber axis onto the magnet center.
It has been shown that the chamber supports permit this motion.

To calibrate the instrument, the profile and height of

137 was examined at

the 661.8 Kev. K-conversion peak of Cs
various chamber positions. The optimum position for any set
of entrance and exit baffles is that position giving nminimum
peak half-width and maximum peak height. Two 05137 sources
were studied. One had a source diameter of 2.4 mm., the other
1.6 mm. These were the two sources used by Mann and Payne in
the calibration of their spectrometer thus permitting us to
compare the performance of the two instruments.

A variety of methods of moving the chamber were considered

with a view to obtaining a procedure whereby axial alignment
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could be readily obtained. It is reasonable to assume that

the magnetic axis is approximately normal to the magnet coil
and that the source-detector axis is approximately coincident
with the cylindrical axis of the vacuum chambexr. Hence
visual alignment of the chamber perpendicular to the magnet
and visual centering of the chamber in the hole of the magnet
coil should be a first approximation to axial alignment. Of
course, after visual alignment the two axes are not ‘likely to
coincide exactly or even to lie in the same plane.

Assuming that the axes do not lie in the same plane after
visual alignment and considering the optical analogy of a
simple converging lens, an improved focussing condition should
arise when the magnetic axis and the source-detector axis
intersect at the magnet (lens) center. Presumably, this
"intersection of axes" condition may be reached from an arbi-
trarily located source position by rotating the chamber, and
hence the source-detector axis, about the position of the source
until the best peak is obtained. This is not the ideal focus-
sing condition since neither "object"nor "image'" are located
on the "optic" axis., After obtaining the optimum by rotation
about the source, ideal axial alignment should then be reached
if the chamber is rotated about the magnet center.

A possible alternative procedure would be to use a trans-
lational motion of the chamber to obtain an intersection of
the two axes at the magnet center, as evidenced by maximum

transmission and resolving power. Then, the final rotation



about this intersection point should put the axes in coinci-
dence.

It is probable that all motions are interconnected, e.g.
the optimum reached on a horizontal rotation may depend some-
what on the vertical setting. To take this possibility into
account, repeat runs should form part of the setting up
procedure,

AL ter considerable experimentation with several combi=-
nations of entrance and exit baffles, a procedure was decided
upon which appeared to give the optimum position. This pro=-
cedure may be described by listing a sequence of steps to
follow:

1) Select and install the desired eantrance haffle.

2) Install some exit haffle. Preferably, the exit slot
width should be larger than the slot width expecied from
previous experiernce.

3) Align the chamber visually in the center of the
magnet opening and perpendicular to the plane of the magnet.

4) Optain an optimum source-maghet distance by moving
the chamber longitudinally until it is set at the position

137 conversion electron profile.

giving the best Cs
5) Rotate the chamber successively in a horizontal and

vertical plane abouit the source position until an optimunm

profile is found. Repeat this procedure as many times as is

necessary to obtain the same dial readings on two successive

runs.



5) Rotate the chamber successively in a horizontal and
vertical plane about the magnet center until the best profile
is obtained.

7) Cut down the size of the exit siot until a match has
been optained. The exit baffle giving the best resolution
without loss in {ransmission is counsidered to be the matching
baffle for any particular eantrance baffle,

While this procedure was fairly reliable, we found it
necessary to check back and repeat after certain other steps
had been completéd. The optimum S position after visual
alignment was sometimes found to be slightly different than
the optimum after rotational aligunment or after a better exit
slot match had been made. Also the chamber position thought
to be the optimum with one exit baffle was not always the
optinmum found after another haffle with smaller exit slot
width had been installed.

The necessity to check the S position is to be expected
since it is obtained in the beginning when the chamber is'
poorly aligned and the exit slot width is too large. Ideally,
a repeat on the rotational alignment should not be necessary.
It would be necessary if the position of the exit baffle with
respect to the chamber is changed in the process of changing
the baffle, It would also be necessary if the optimum position
found with the large exit slot width is only approximate.
After sone expérience it was concluded that the rotational

procedure should be repeated because the optimum position



obtained with a large exit slot width is generally not the
true optimum as determined with matching baffles.

We also found that, for the majority of runs, rotation
about the magnet center after rotation about the source did
not give a noticeably better profile. Thus we concluded
that, because of the finite size of the source and because
of the small source~-magnet distance, (approximately 18 cms.)
the magnetic axis probably passed through the source area
even atter visual alignment only. Therefore, rotation of
the chamber about the source was sufficient to align the
axes satisfactoriiy. Conceivably with a smaller source or
greater source-magnet distance (necessary if entrance baffles
giving o smallexr emergence angle were used) rotation about
the magnet center wQuld be necessary.

initially, we thought ‘that a translational motion,
after visual alignment would give the same results as rotation
about the source. However, when this method was tried, the
resuits were far less satisfactory and so the method was
abandoned.

Changes in chamber position required to produce signifi-
cantly poorer performance were much smaller than originally
expected. Figure 12 shows the change in peak profile produced
by a horizontal translation. It shows that a misalignment of
0.25 mm. has a noticeable effect on the peak profile and that
a2 misalignment of 0.5 mm. is intolerable. This set of curves

was taken with a poor baffle match, before tihe chamber had
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been properly centered and winile using the less sensitive
2.4 mm. diameter source. After good alignment with the
smaller source, a rotational motition away from the optimum
caused by moving the inner support by 1.0 mm. and the outer
support by 2.5 mm. was fouand to have a noticeable eififect.
This source rotation is equivalent to changing the angle
betwéen the source-detecltor axis and the magnetic axis by
0°08'. Unfortunately, this extreme sensitivity caused us
cousiderable {trouble for, not aanticipating such sensitivity,
the chamber supporits lacked the rigidity required for good
stabiiity. Backlash in the screw threads also contributed
to our experimental difficulties.

One other point should be mentioned. We had hoped, in
the design of the source and detector assemwvlies, that the
exit vafifle, crystals, etc. and the entrance bafile and
source coulid be changed without requiring further centering.
The detector system may be removed and replaced without
disturbing the centering. However, it seems that any change
in eutrance baffles and certainly any chaunge in source re-
quires recentering. Tihis is probably because the source
assembly is much closer to the center of the magnetic field
than the detector assembly and therefore its position is much
more critical.

Using an entrance baffle giving a gathering power of
. 70% at a mean emission angle of arc-tangent 1.50 it was found

that the optimum S position was 18 cms. With the large 05137
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source, a resolving power or half peak-height width of

1.08 + .01% was obtained. Mann and Payne, with their spectrome-
ter, obtained 1.15% with similar eatrance slot characteristics.
The laréé source was then removed and the smaller one installed.
Before Iurther centering the resoclution was observed to bhe
1.00%. After further ceatering the optimum position gave a
resolving power of .9% + .01%. Figure 13 shows a sample of

the curves giving these results.
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C. CONCLUSION

it has been mehtioned that rotation about the magnet
center generally was not anecessary. Oane might suspect that
tie present centering mechanism gives the same alignmenti as
cain e owtained »y Mann and Payne. The difference is that
they move the source to owtain an optimum gosition while our

rotation zbout the source is equivalent to moving tihe detector.

Siuce the source is much closer to the magnet than the de-

tector, the probability of the source lying on tihe magnetic d
xig after visual aligament is considerably greater than the
probabilility tiat the detector dqes. For this yeason it is
likely that rotation of the source-detector axis about the
souvce gives axial aligament whereas positioning of the source
does noc.
A comparison of the rougih figures of merit,‘% x 100, ob-
\
tained by Mann and Payne at different gathering powers, is
made in Tawvnle 1I, Also the values we obtained with a gathering
puwer of .70% are shown in pareuathesis.
TABLE II
% ) x 100
R )
Large source ﬂSmall source
i.6 i08 117
1.1 3% 89
7 64 (64) 64 (74)
.v’f

Mann and Payne found that the rough figure of merit became
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poorer as the entrance slot widti was decreased. We helieve
tiis change in performance to be caused by two factors.

1) Misalighment of axes. This resulted in a non-circular
ring Zocus at the detector which did not coincide exactly with
the exit slot. This lack of coincidence would cause poorer
verformance at all gathering powers. It would become more
scerious os che gathering power was decreased because the
smaller the cantrance sloi, the smaller the width of the electron
eavelope and hence the greater the adverse effcect of a non-
circular image on the resolution.

2) Finite source size. The source diameter was conparable
to the entrance slot width., As a result a performance that
would ise poorer than for a point source Es expected and in fact
tue deviation from the ideal point source perférmance will
increase as the cutrance »affle slot is decreased.

The results of Mann and Payne show that at large gathering
powers the small source gives hetier performance than the large
source. This is {o be expected from the above argument. How-
ever, at a gathering power of .70% the periormance was unot
improved by replacing the large source Ly the small one. This
would indicate that at this éathering pover the adverse effects
due to misalignment were much more serious than those due to

source size and so any advantage expected by smaller source

-4

size was lost. Our results seem to coafirm this belief for,
with better axial alignment, we did obtain better performance

with tihie smaller source.
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A more detailed study of the effects of the dianeter of
the source on the specirometer performance is necessary before
any quantitative answers can be givén on the relative im-
portance of these two effects.

The activity of the small source was measured by )
H.R. Schneider of this laboratory byvcomparison with a Cs137 .é
source which he carefully calibrated. It was found that the .
transmission obiained by Mann and Payne with a gathering power
of 1.1% was .06%. Similarly, we found that with a gathering
powver of ,790% our iransmission was .24%. This represents a
loss in theoretical transmission of 50% d 85% respectively.
This result is difficult to understand and it results in a
spectrometer performance considerably poorer than should be

xpected. As yet we have not found an explanation for this
and it remains to check this effect, to explain it and, if
possible, to correct it.

Two other recommendations for improvement might be made.
Fi ly, the supports were originally constructed without the
rigidity necessary and with a large amount of backlash in the
positioning screws. he most serious fault of the supporis
is their lack of rigidity which meant that during the ex-
perimentation it was very difficult to return to the position
selected as the optimum, after it had been passed. An im-
proved support design might involve a jack supporting the
chamber from below rather than from the sides and having

sufficient rigidity to prohibit even minute motions under the
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frictlonal iforces involved in moving the chamber. Finally,
if screw threads are used for moving the champber they should
be designed for a minimum amount of backlagh.

The other recommendation is related to the compensating

coils. Deutsch et al.lu found that
"At low energies siray magnetic fields may be a serious
source of trouble. A component of magnetic field per-
pendicular to the axis of only 0.01 gauss will displace
the image by about 0.1 cm. with electrons of about

0.1 Mev. energy'.

We found that with the desired current of 1.1 amperes in the
compensating coils the vertical compounent of extraneous mag-
netic fields varied from 0 gauss along 75% of the electron's
trajectory to appreximately .05 gauss at the exireme ends of
the trajectory. Calculations show that this extraneous
magnetic field has negligible effect on the electron tra-
jectories in the energy interval used in this experiment

(:> .5 Mev.). However, for work in the low ' energy regions
this magnetic field would result in poorer performance. New
compensafing coils to correct for the earth's field over the
entire electron envelope are now being constructed and so
"the adverse effecis due to the earth's field experienced at

low energies will be eliminated.
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