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A high resolution double focusing mass spectrometer has
been constructed with a working resolving power of 100,000
at the base of the peaks. The spacings of 25 mass spectral
doublets, with a typical precision of 5 parts in 109, are
reported.

A method of peak matching using a digital computer‘has
been developed. The spacings of 13 of the above doublets have
been determined using this new technique.

The resulting mass differences are combined with precise
atomic masses, and nuclear reaction and decay Q-values in two
overlépping adjustments to obtain least squares adjusted masses

for 59iZi72'

s, P, S ISIPIQ(B_)andQ(u)

The quantities S, , n’ “n’" "2p’ "p’ "p

are calculated for each nuclide wherever possible, ard their

systematic variations are commented upon.
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CHAPTER 1

INTRODUCTION

The importance of atomic mass determinations
and the related standards of atomic mass are
discussed. Various methods of atomic mass

determinations are briefly presented.

Mass and Mass Standards

The mass of any object or particle is one of the most
useful and revealing pieces of information available about
that particle. In the mécroscopic world, the mass of a
solid object gives one some idea of its size, and certainly
gives information about whether or not one can lift or move
it. The standard for this sort of mass is the international
kilogram, maintained at the Bureau International des Poids
et Mesures at Sévres, France. This is a platinum - iridium
bar, carefully protected, but certainly not indestructible,
and not exactly reproducible.

On the atomic¢ scale, the unit of mass has been chosen
so that one atom 12C has a mass of exactly 12y, (Mattauch
1960). This has the advantage of being a universal quantity,

available to any laboratory interested in making measurerents
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relative to it. In mass spectroscopy it is especially useful
since many atomic mass determinations may be méde directly
against a hydrocarbon fragment containing 12C only, or 12C and 1lu
only. Thus, a sécondary mass standard is lH. As will become
evident in later chapters, the atomic mass difference 37Cl—35Cl
is very important to this research group. A recent compilation
of experimental values by Meredith et al (1971) éives these
secondary masses as: |

lH.

1.007825 035 £ 14 u

3701-35¢1 = 1.997049 720 + 90 u

The relation between the kilogram and the atomic mass
unit is known to a precision of 6.6 parts per million (ppm),

and is: 1 u = 1.660531 + 11 x 10 27

kg as calculated in a
least squares adjustment of fundamental constants by
Taylor et al (1970).

A third unit of mass, used on the atomic, nuclear and
sub-nuclear scale is the electron volt (eV) and its multiples.
This is defined as the amount of energy an electron gains
when it falls through a potential of one volt. The relation
of energy to mass follows from Einstein's famous equation

E = mc
in his special theory of relativity in 1905. At present,

the conversion factor between eV (energy) and kg (mass) is

known to a precision of 4.4 ppm, and between eV and the
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atomic mass unit, 5.5 ppm. The energy conversion factors

from Taylor et al (1970) are:

It

1 kg = 5.609538 + 24 x 1022 Mev

1 u 931.4812 + 52 MeV

Importance of Atomic Mass Determinations

Just as mass is important in the macroscopic world, it is

equally, if not more, important on the atomic scale. Mass,
along with charge uniquely identifies an atom, and with spin
included, any sub-atomic particle is specified.

Since mass and energy are different forﬁs of the same
quantity, the mass of an atom gives a measure of the energy
of the atom. An atom's mass is less than that of its con-
stituent protons, neutrons and electrons. This missing mass is
called the binding energy of the atom.

Thé mass defect (or missing mass) is of great import-

ance in the studying of nuclear structure, since the effect

of the electronic binding energy is small and varies gradually
with atomic number. The magnitude of the binding energy

gives information on possible nuclear transformations and

decays. Variations in the binding energy from nucleus to
nucleus show the effects of proton 6r neutron shells, (the
so~called magic numbers), and also of collective nucleon

behaviour.
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Methods of Atomic Mass Determinations

Alpha-decay - Most of the atomic mass information for

nuclides heavier than lead has been obtained by o-decay
energy determinations. The a~decay of a parent nucleus may
be represented as

A A-4 4

GM= o oM+ JHe + Q
The energy of the particle is usually determined by

a magnetic analyser. These analysers are usually calibrated

with the 210

Po o particle whose energy is 5304.5 % 0.5 keV.
(Wapstra, 1964). More recently, solid state detectors have
proved useful in determining Ed.»The recoil energy of the

-daughter nucleus is calculated, and the sum of the two
energies, and the mass of the gHe allows the mass difference
between parent and daughter nuclei to be calculated, usually
with a final precision of 25 keV and occasionally as low as

"5 keV.

Beta decay - The B-decay of unstable nuclides can be

represented by: + 2
M+ 8 + v#Q or (e.c.) if Q<2 m_c
z-1 O
AM o
2 L
Zl:lql + 8 + v+Q

An accurate determination of the end point of the B-
spectrum, and energies of correlated y-rays is necessary. The

large magnetic spectrometer at Chalk River has achieved

precision of N0 .1 kev, but most determinations are V10 keV
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or more. The total decay energy in cases of electron

capture (ec) 1is more difficult to determine.

Induced Nuclear Reactions - Many induced nuclear re-

actions involve charged particles from accelerators (e.g.
p, 4, t, 3He, o, 12C, l6O, etc.) as well as neutrons,
photons, and virtual photons (in the form of high energy
electrons from LINACs ). The reaction can be represented as:
%¥(a,b)y

or Q = (Mx+Ma-Mb-7My)C2 Where x and vy are the initial
and final nuclei, a is the incoming particle and b the out-
going one. The energies of a, b and y must all be deter-
mined to obtain Q. In reactions such as (n,y) with thermal
neutrons, precisién <1 keV is obtainable with the recent

GelLi detectors. More typical precision of @ values from

charged particle reaction is nv10 keV.

Mass Spectroscopy - Here the mass of ions may be

o

determined directly by deflecting fhem in electric and
magnetic fields. This method can be applied to any stable
or naturally occurring nuclide, and also to unstable nuclides
having suffidiently long haif—lives.

Generally the doublet method is used in which the un-
known mass is compared to a well known one (say a hydrocarbon

fragment or other secondary standard) of almost the same m/e.
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The precision attainable with such doublets is about 5 parts
in 109, or about 1 keV at mass 200. Thus the relative masses
may be determined from .1 to 1 keV. Also mass differences are
established to the same precision. In studying the mass
surface, and the systematic variation in nuclear binding
energies, mass differences determined by close doublets

are as important as the masses and are more easily obtained.

References for Chapter 1

Mattauch, J.H.E. (1960) Proc. Int. Conf. Nuclidic Masses
(University of Toronto Press) p.459

Meredith, J.0., Barber, R.C. and Duckworth, H.E. (1971)
(to be published)

Taylor, B.N. Parker, W.H. and Langenberg, D.N. (1970)
The Fundamental Constants and Quantum
Electrodynamics (Academic Press, New York)




CHAPTER 2

MASS SPECTROSCOPY

The early development of mass spectroscopy is
outlined.‘ The direction focusing properties

of uniform magnetic and radial electric fields,
and double focusing in tandem are presented to
first order. The results of second order theory
are outlined. Electrical detection and Eurrent

performance of several instruments are discussed.

Historical Development

Mass spectroscopy had its origins in the late 19th
century with the discovery by Goldstein (1886) of "positive-
rays"” in discharge tubes. However, they remained a curiosity
until 1912 when J. J. Thompson used his positive ray parabola
apparatus to show that Goldstein's positive rays were actually
positively charged atoms and molecules. Thus, Thompson (1913)
had constructed the first mass spectroscope. Using this
instrument with a resolution of about 1/20, Thompson found
evidence for the existence of two stable isotopes of neon.

F. W. Aston continued Thompson's investigation of the

existence of isotopes. By 1919 he had a velocity focusing

2-1
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instrument with a resolution of about 130, and proved that
neon indeed had two isotopes (Aston 1920). During the next
decade he carried out a systematic study of the periodic
table, showing most elements had several isotopes. This
measurement of the masses of thé nuclides lead to his famous
binding energy and packing fraction curves (Aston 1933). In
these 'preneutron days' he defined the paéking fraction, P,

as: P = M-A where A is the mass number.
A

Simultaneously, A. J. Dempster at the University of
Chicago exploited the direction focusing property of the 180°
magnetic field (Dempster 1918). He also carried out extensive
investigations of nuclear binding'energy over the next two
decades (Dempster 1938 a,b).

In 1933 K. T. Bainbridge added a Wien velocity filter
to the original Dempster instrument.

General focusing equations were presented by Herzog
(1934), and subsequently many new double focusing instruments
were constructed, notably by Dempster at Chicaco, Bainbridge
and Jordan at larvard, Mattauch and Herzog at Vienna, and
Nier at Minnesota. A more detailed account of the development

of mass spectroscopy is given by Duckworth (1958) .

Positive Ion Optics

An ion of mass m and charge g moving with a velocity v

in an electromagnetic field experiences a force F given by:




F = qE + gv x B (1)

Uniform Magnetic Fields - In this case the equation (1) re-

duces to F = gv x B. If v is perpendicular to B, the ion

is constrained to move in a circle of radius a s so that

mv
— vB
3 q
m

Thus, a uniform magnetic field is a momentum analyser. To
examine.the direction focusing properties, we refer to Fig,
2-1; the terminology is that of Herzog (1934). TIons of
mass m leave the point 0 (object slit) with a velocity Vs
and half angular spread a. Herzog compared this to the
optical arrangement of prism plus cylindrical lens. The
divergent beam comes to a focus again at I, fhe image.

Note that I, the centre of éurvature, and O lie on the same
straight line, as pointed out by Barber (1933).

Radial Electric Fields - Here the equation (1) reduces to

—

to the plates of a cylindrical capacitor, of mean radius a,

and separation 2k.

Then myz_&q ' (3)
a
e

N
<

Thus, such a configuration is an energy analyser.

Fig. 2-2 shows the direction focusing properties of a

F = gE. The field E is usually established by a voltage V applied

radial electrostatic field. Note that it does not obey Barber's

rule as was the case for the uniform magnetic field. A

geometric construction, which corresponds to Fig. 2-1, may be
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made, if a_ is divided by Y2 and ¢, is multiplied by v2. Then

Barber's rule may be applied as for the magnetic field.

Double Focusing - So far we have assumed mono-energetic ions.

If a velocity spread is considered, i.e. v = vo(lis),'then
each of the magnetic and electric fields produce a velocity
dispersion. That is, the direction focused image is blurred

because ions of different v come to a foqus at a different

position perpendicular to the median beam.

It is possible to construct an instrument in which the
velocity dispersion of one element is cancelled by that of
the other. The usual arrangement is to use the di:ection
focus of the electrostatic analyser (ESA) to serve as the
object of the magnetic analyser. Thus, direction focusing
is preserved, and a double focus (i.e. focused both in g
and B8) may be achieved.

Resolution - The resolving power of an instrument is a

measure of the peak width (or image width); we say that the

two peaks are just resolved if they are just separated at the
base. For a mass spectroscope, the two peaks of a doublet

are approximately mass M, and differ by a small amount AM.

The resolvimg power required to just spearate them is then

M/AM and for a symmetrical ESA (le' =‘le")
=2 (4)
AM S :
o

where So is the width of the object slit. Here we see that

as small a slit as possible should be used with as large an
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ESA as pOSSlble for max1num resolving power. (The reciprocal

of resolving power, the resolutlon, may alternately be used.)

Second-Order Focusing - The theory of Herzog (1934) ignores

the effects of second-and higher-order terms in o and Be
These lead to image aberrations, as do,the»effects of
fringing fields.
Effective boundaries for the ESA may be established

by use of grounded diaphragms piaced accordiné,to Herzog
(1935), and for the magnet, iron diaphragms’have been dis-
'cussed by Herzog (1955) and by Konig andeintenberger (1955) .
SAlternatlvely, the position of the effectlve boundary may be
calculated by integration of the fringing field. As a rule
of thumb, the effective boundary is one gap width beyond
'.the,phySical boundary. (See for example> Kerwin 1958;)
Second order terms in d,and 8 have been included in tbe

theory of Hintenberger and Konig (l957a,‘1957b). - The

aberrations of the final image of a double focusing in--

_strument may be written as:
_ ’ : 2 :
YB = a. (B<OL + BZS + Blla + Blzocs + B228 ).

Here YB is the lateral dlsplacement of an ion from the central

(3)

path (0=8=0). The coefficients Bij are functions of the
instrument geometry. When Bl =‘B2'= 0 there is a first order
double focus. If, in addition, B = B = B,, = 0, there_

11 712 & “22
is complete second order double focusing. Hintenberger and Konig

- have calculated a solution of the second order equations
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and have proposed geometrical arrangements for many complete
and partial second order double focusing spectrometers. A
more complete description of first and second order focusing

for mass spectrometers is given by Barber (1962).

Current High Resolution Spectroscopes

Most instruments at the present time employ electrical,
rather than photographic detection. This means that the ion
beam is modulated across a collector slit, and the current
which passes through the slit is amplified by some high
géin electron multiplier. Following the nomenclature of
Aston, these instruments are call mass spectrometers, while
‘those employing photographic detection are call mass
spectrographs.

If photographic detection is employed, the resolution
of the instrument is as calculated previously, but in
addition the dispersion of the instrument must be known in
order to calculate a mass difference. Also, the precision
of locating the centroid of line on a plate is limited to
v 1/50 of its width.

For instruments using electrical detection, the
resolution is reduced since the expression now includes the

width of the collector slit (Sc).




2-7

Am/m = (S + sc)/am ' (6)

However, this is more than compensated for by increase in
precision in locating a peak. The peak matching method will
be described in the next Chapter, but we will note here

that the precision of matchihg is about 1/500 of a peak
width for visual matching to 1/5000 for signal averaging

and computer andlysis.

The peak matching method of determining a mass differ-
ence depends on a theorem due to Bleakney (1936). If we
start with F =ma = q (E + v x B) it can be shown that two
different ions of méss m and m' will follow the identical
trajectory if all E are changed to E' in the ratio.E/E' =
m/m' while B remains fixed.In practicé, this means that E'
is varied until m and m' do appear to follow the same
trajectory (i.e. the peaks are matched). Then Am, the mass
difference may be calculated from éﬂl= AE.

The major instruments are compgred ?n Table 2-I, which
gives the parameters of the ESA and magnetic analyser, along
with the calculated resolving power for 4u width object slit.
(Matsuda, 1970), the achieved resolving power, .and the second
order coefficients calculated as noted. The type of measuring
technique is given on the second line for each instrument,
~and special features are pointed out.

An excellent review article by Duckworth (1970) covers

the development of high resolution mass spectrometry over the
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last two decades and shows general trends in the precise

determinations of atomic mass differences.
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Figure 2-1

Direction Focusing in a Uniform Magnetic Field

FPigure 2~2

Direction Focusing in a Radial Hlectric rield
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FIGURE 2 - 1

FIGURE 2 - 2
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CHAPTER 3

THE SECOND ORDER SPECTROMETER

The second-order double~focusing mass spectrometer
at the Univefsity of Manitoba is briefly presented.
The "visual null" matching method and recent
modifications associated with the new computer

matching system are described.

Geometry and Construction

The geometrical arrangement of the instrument, one of
many proposed by Hintenberger and Konig (1959), is shown in
Fig. 3-1. The advantages of this particular design are:

(i) an intermediate direction focus with an energy resolution
of ¢leV, (ii) straight rather than curved magnetic field
boundaries and (iii) compact. shape.

Detailed descriptions of the apparatus in its early
(Barber et al 1968) and present forms (Barber et al 1971,
hereinafter called Paper I) have previously been published.
Certain of the most important features of the instrument are
presented here,

The overall size is determined by choosing the radius of
curvature of the electrostatic analyser (ESA) to be 1.000 m.

The total path length is 4.59 m and the overall magnification
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is 0.50. The width of the object slit SO is variable, but

for a resolving power of 200,000 at the base of the peaks,

the calculated width of S, is 2.7u. The collector slit S
then must be l.8u wide. The slits Sa at the entrance to the

ESA are normally used to limit a.to “i2 x 10_3 radians, al-

though a maximum value of :l:l(')_2 radians is available. At the

exit of the ESA, the slits SB are used to limit the energy

spread of the beam; usually B is #8 x 10—4. The height slits

at the entrance to the magnet are generally set about 2mm to
limit the vertical spread of the beam and thereby to ‘ensure
that ions reaching Sc have all gone through the same magnetic
field.

The angle of deflection in the ESA is 94.65°, and a
direction focus is formed 17.63 ém beyond the exit boundary.
The field is termihated at the physical boundaries of the

plates by fringe blocks positioned according to the theory of

Herzog (1935).
The angle of deflection in the magnetic analyser is 90.00°
and the pole gap is 2.540 cm, with a field uniformity of 1/5000

over the range 3-8 kG.

As can be seen in Fig. 3-2, the whole instrument is
mounted on a rigid steel table one inch thick and 5 x 12 feet.
- The table is supported by eight pneumatic mounts to isolate
the instrument from building vibrations. The vacuum chamber

of the spectrometer is made of stainless steel. Two oil
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diffusion pumps provide differential pumping on the source
arm. The 140 1/sec and a 50 1/sec ion pumps on the main

chamber maintain a pressure of about 5 x lO_8 Torr. during

operation of the instrument.
The source, shown in Fig.3-3, has been described in

Paper I and also by Bishop (1969). It is a variation of the

Finkelstein source (as referred to by Von Ardenne, 1962),
with a stainless steel or tantalum oven and a rhenium or
tungsten heating filament. The electron emission filament
is usually coated with LaB6 for better emission and is
50-300V negative with respect to the oven. An electromagnet
provides a magnetic field of A1 kG in the region of the oven,
parallel to the source axis. For emission currents of 5-20 maA
the ion current is usually 1 to 5 ﬁA.

The ions are extracted from the plasma tthugh the front

hole of the source toward the ground electrode just outside

the front plate. The ion beam can be steered horizontally

and vertically by separate pairs of electrostatic deflection
plates, and are subsequently focused on the principal slit by
an electrostatic quadrupole lens. The theory of the operation

of the quadrupole lens is given by Enge (1959), and details

of the steering and focusing are presented by Southon (1971).
The principal slit can be moved in a horizontal direction
perpendicular to the ion beam, and also parallel to the ion

beam by means of two lathe slides. In addition, the source
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may be rotated about a vertical axis at the principal slit by
a rotary table. The analyser and source arm can be swung as
a unit about a pivot located directly below the intermediate

direction focus.

Peak Matching and Focusing

The peak-matching method of determining the separation
of a mass doublet depends on Bleakney's theorem outlined in
1
Chapter 2. If all potentials Vi are changed to Vi according

to the relation MVi = M'Vi , then the ions of mass Ml will be
'matched' with ions of mass M. In order to judge this match,
the potentials are switched at a frequency of n19 cps, and
the electron multiplier output displayed.

The control circuitry is shown in Fig.3-4. The master
trigger signal is derived from a mechanical chopper, which
also switches the AV applied to the ESA voltage V. This trigger
signal supplies the start signal for the sweep of the display
oscilloscope and of the FT1052 signal averager. The horizontal
sawtooth sweep of the display oscilloscope is amplified and
drives the Helmholtz coils which sweep the ion beam across
the collector slit. The fly-back of the sawtooth triggers a
flip-flop which controls relays to (i) switch the signal

through gain A or B, (ii) displace alternate sweeps vertically

on the display oscilloscope, and (iii) switch a neon light which
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subsequently switches Va‘” There is also provision for switching

the voltages applied to the gquadrupole lens electrodes, al-
though this is not necessary for narrow doublets.

Gain A or gain B is adjusted so that the peaks M and M'
are the same amplitude and AV is adjusted so that the two
peaks appear at the same stage of the oscilloscope sweep.
Alternate traces can be displaced vertically for focusing
or visual matching, as described in detail by Barber et al
(1964) . |

More recently a signal averager was used on-line to detect
the lack of coincidence of the peaks (the "visual null" method).
This method was developed at the University of Minnesota
(Benson and Johnson, 1966) and used subsequently by this
group at McMaster University (Macdougall, 1966) and at the
Univeréity of Manitoba as describéd in Paper I. In this
method, the gains A and B are adjﬁsfed, but the display is
not split. The trace corresponding to mass M is added to
the memory on odd numbered sweeps while the trace corresponding
to mass M' (with AV applied to the plates), is subtracted
from the memory on even numbered sweeps. Thus, at match,
there is a null signal. A slight mismatch (i.e. AV too big
Oor too small) results in an S-shaped error signal. AV is then
adjusted to obtain a null. |

Either M or M' may be used as the reference peak, the

reference peak may be routed through either gain A or gain B,
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and the ion beam may be swept in either of two directions
across the collector slit. Permutation of these arrangements
results in eight different matching configurations. To reduce
the chance of systematic error, the unweighted average is
taken as one run. Since there may be systematic differences
~between configurations due to instrumental or operator biases,
the spread of the eight values does not necessarily represent
the statistical error to be associated with one run. In the
past'abqut 20 runs have been used to determine the mass
difference, and the standard deviation of the mean of the
set of 20 has been used as the error for the doublet. This
point will be discussed further in Chapter 4 when the visual
null method is compared with the new computer matching method.

In order to reduce operator biases, two people are in-
volved. One, the operator, judges the match, while the other
runs the poteﬁtiometer to determine AV. Moreover, values for
individual runs are obtained on at least three different days
and by several different operators.

The voltage supply for the electrostatic analyser is
still basically as described by Bishop and Barber (1970).
Each of the eight 97.2 Vv mercury batteries is actually a set
of twelve 8.1 V mercury batteries (Mallory TR-136R). The
supply which presents AV to the chopper is much as described

by Bishop (1966).
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Additionally there is now the option of providing small

voltages OV to AV and applying the signal to an alternate

chopper. This optional arrangement is the one used for peak
matching using the computer method described in Chapter 4.
The details of the circuit are deferred to that Chapter.

The precision potentiometer developed by Bishop (1969)

and described by Bishop and Barber (1970) is used to determine

both V and AV relative to the same standard. It is used in

the same manner when the technique to be described in the
next Chapter is applied to peak matching.
The switching circuits described above are also used
during the focusing of the spectrometer. The general focusing
procedure and adjustments have been described in Paper I.
To check the velocity focus, AVa is increased to ~22V (AV is
not applied to the ESA) and alternate sweeps of the oscilloscope
are displaced. Lack of velocity focusing results in the peak

on one trace being displaced sideways with respect to the one

on the other trace. A smail'movement of the collector slit
perpendicular to the ion beam usually results in a velocity

focus. 1If a more sensitive velocity focusing test is required,

the degree of mismatch may be detected by the signal averager
(as used in the "visual null" method).

The direction focus is characterized by a marked improve-
ment in the resolution of the peaks. As the ESA is swung akout

its pivot, the optimum position is chosen. In addition,
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with a tightly focused beam at the.principal slit,/the
quadrupole lens and steering plates may be used to change q.
At the direction focus, the peaks will not be sensitive to
this change.
On the basis of current performance, the upper limits

for the second order coefficients are estimated as B <0.1,

11
Bl2<0‘2 and B22<0.5. If B12 is large, the velocity and

direction foci are not coincident. A comparison of the

coefficients of this instrument with those of other instruments

now operating is made in the previous chapter.
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Pigure 3~3

The Ion Source

Figure 3-4

Block Diagram for the Control Circuitry
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doublets where the precision was worse than 5/10°% the
intensity of the peaks was below the average intensity
for rare earth chlorides. In all cases, the precision was
not limited by the potentiometer used to determine
AV/V. :

The highest resolving power obtained to date has been
~ ~200 000 measured at the base of the peaks, and involved
‘the intense peaks in the CdCl, spectrum. The low intensity
available for most of these rare earth doublets has made
it expedient to operate at resolving powers in the range

100 000-150 000. ‘
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signal whose phase indicates the appropnate adjustment
- to be made in AV to obtain a null.

The mass difference of a doublet may be determined as-

described above in eight different ways which are permuta-
tions of the following variables: the direction of sweeping
the ion beam across the collector slit, the routing of the
reference peak (M) through gain A or gain B, and the
choice of reference peak (i.e., the choice whether AV is
added to or subtracted from V). In order greatly to reduce
© the likelihood of systematic error in the final result, the
- unweighted average is taken of these eight values. Before
~ each run, the instrument is refocused in at least a minor
~ way. Approximately 20 such runs are taken by at least

three different operators and from these values the mean

and the standard deviation of the mean are calculated. -

It should be noted that, when the instrument is operated
as described, it is adequate to test for velocity focusing by
.; visual observation of the live display. This means that the
_: routine velocity focusing is actually a first order focusing.
 However, the signal averager permits a very sensitive
method of performing the test, viz. by setting AV=0,
AV,=22 V, and matching a peak to itself. Such a test
becomes important when a small number of runs is to be
used to determine a mass difference.

II. PRECISION

In its present form, this instrument has been used to
... obtain values for a number of close doublets (AM/M

(CALIBRATION CIRCUIT)

~1/50 000) in the spectra of various rare earth chlorides,
These values will be presented elsewhere.?s The precision
of this work is shown in Fig. 8 which gives a histogram of
the values of 6M /M obtained for the first 12 doublets
studied with the instrument as described. Here 8M is the
error assigned to a mass difference, and M is the mass at
which it occurs. The number of runs corresponding to each
value is indicated in the square representing that value.
It is seen that a typical precision for these results is
~5/10°. The best was 2.5/10° and was obtained for the
relatively intense doublet

169Tb35cl2_ 165H037 Clz

on the basis of only 18 runs,
In general the precision appears to be closely related to
the intensity of peaks being matched. For the seven

2

i

s 4

2

8 3

5 22|20

o

¥, 20(20 124

=

2 IIB lzo 20|20 20| |20 24|
T2 3 45 6 v 8 500 12
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F1c. 8. Precision achieved with the mass spectrometer. This is a
hlstogram of values of M /M for 12 doublets studied (8M is the error
for a given determination and M is the mass at which it occurs).
The number of runs for each doublet is indicated in the square
representing the doublet.
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Fig. 6. Potential supply for electrostatic analyzer.

As the instrument is double focusing, the peak position
is insensitive to the accelerating potential. However,
strictly to satisfy Bleakney’s theorem and thus to ensure
" that the two ion groups traverse the identical path, V,
is changed by AV, in the same fashion as V. The same is
true, in a strict sense, for the voltages provided to the
quadrupole lens. However, for the narrow doublets studied
to date, the appropriate changes in the lens voltages
produce a negligible effect on the doublet separation.
When the two members of a doublet are chemically
identical, they are formed in the source with the same
energy distribution. Thus the change AV, in the voltage
V. may be calculated precisely from AM, M, and V,.

When the two members of a doublet are chemically

dissimilar, AV, may be set and checked in the following

manner. With the instrument set up for the visual peak
matching of a given doublet, the ion accelerating potential
is varied slowly so that the ion beam is cut off by one of
the edges of the slit Sg which is located at the direction
focus of the electrostatic analyzer. AV, is adjusted so that
the two members of the doublet disappear simultaneously.

In this test, a deviation of ~1 eV in energy from the value

required by Bleakney’s theorem may be readily detected.

The potential supply for the electrostatic analyzer is
shown in Fig. 6. V is provided by eight 97.2 V mercury
reference batteries (Eveready E 302 462) while AV is
presented to the chopper and the resulting square wave is
applied across the two 200 © resistors. A precision poten-
tiometer, described by Bishop and Barber,” is then used
to determine both ¥ and AV relative to the same standard.

The power supply for this traveling potentiometer has
as its reference an additional 97.2 V mercury battery which
is identical to the others and is located in the same tem-
perature controlled box. Thus, although the absolute
values of the potentials of the mercury batteries may
change, the measured values are very stable, and the
precision to which AV/V can be determined depends on
the calibration of the divider chain in the potentiometer.

-Although this technique is basically similar to one used
previously 'in our laboratory’ and more recently by
Matsuda et al.,® the precision attained with this new
potentiometer is significantly better. This method also
differs from that of Nier® and McLatchie® and that of
Bainbridge and Moreland.® For both latter arrangements,
V and AV are supplied by a battery driven resistor chain.
In Nier’s circuit, the resistor chain is a = network and
AV/V is determined from a calibration of the resistances.
The circuit of Bainbridge and Moreland consists of a
series chain of 22 resistors and two voltage dividers. The
measurement of AV/V can be carried out either by the
calibration of the resistances or by measuring voltages
by a traveling potentiometer.

The present arrangement offers certain advantages over
these other networks. Since there is no current drain from
the batteries, relatively low capacity batteries may be
used and the problem of drift in the value of V is absent.
Secondly, the impedance between the analyzer plates and
ground is low so that problems of pickup and of ion
currents arriving at the analyzer plates are much
reduced.

The mechanical chopper which switches AV on and off
also includes a switch used to supply a master trigger
pulse at a repetition rate of ~19 cps (Figs. 6 and 7). This
pulse is used as the external trigger for the display oscillo-
scope and the Fabri-Tek 1024 channel signal averager

- (FT1052).

The output of the electron multiplier is amplified and
applied to the display oscilloscope and to the signal
averager. The sawtooth voltage from the oscilloscope is
amplified in order to drive the Helmholtz coils which
modulate the beam position. The differentiated sawtooth
triggers a flipflop which (a) switches the electron multiplier
information through gain A or gain B, (b) switches the
neon light on or off subsequently to switch V,, and (c)
switches the voltages applied to the quadrupole lenses.

The signal averager effectively divides the trace into
1024 intervals, integrates the voltage over each time
interval, and stores a number from 64 to 464 propor-
tional to the integrated voltage in the corresponding
memory location. Successive traces are added in order to
improve the signal-to-noise ratio. The memory contents
are continuously displayed on a second oscilloscope.

The application of the signal averager to peak matching
follows closely the work of Benson and Johnson? and that
of Macdougall.® A circuit, incorporated in the averager,
switches between add and subtract modes on successive
sweeps. A peak for mass M is added to the memory on odd
numbered sweeps while a peak for mass M’ is subtracted
on even numbered sweeps. Thus, when the peak heights
are made equal by gains A and B, and the peaks appear at
the same stage of the oscilloscope trace a null signal
results. A slight mismatch results in an S-shaped error
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In particular the effect on the focusmg of a nonuniform
- magnetic field was studied.
For ions traveling in the median plane of the magnetic

field, it was found that, while the individual widths of the

velocity focus (¢.B:B?) and direction focus (@nBna?)
would not be altered by smalt radial or azimuthal varia-
tions in the field, their positions would be shifted differ-
entially so that a double focus would not be formed. In
this case, of course, Bis would no longer be zero. A suit-
able small correction could be made so that the two foci
would again coincide, although not necessarily at the

_ theoretical position for the double focus, and Bj» would
be virtually zero.

Thus the calculations suggested that it would be suffi-
cient to adjust the instrument to obtain a first order
double focus. Because the second order aberrations are
relatively insensitive to geometry we should then obtain
a second order focus as well.

The calculations have recently been extended!® to study
the effect produced by the actual magnetic fringing field
on the double focus. This work indicates that, in general,
the effect is similar to the case of the nonuniform field
described above, although there may also be a small
deterioration in the second-order focusing properties.

The general procedure and tests for focusing are similar
to those used in focusing the 2.74 m radius mass spectrom-
eter formerly at McMaster University.'” To check the
velocity focus, the ion energy is changed by ~22 V on
every second sweep of the display oscilloscope. Lack of
velocity focusing results in one peak being displaced with
respect to itself. The direction focus is characterized by a
marked improvement in the resolution of the peaks. Addi-
tionally, the quadrupole lens may be used to vary a and
thus permit a test of the direction focus.

In the initial focusing, the principal slit was positioned

at its theoretical location relative to the electrostatic’

analyzer and the distances (¢'.4¥) and I", (see Fig. 1)

were set at their nominal values. The electrostatic analyzer

plus source arm was then adjusted relative to the magnet
" to correct for the fringing field.

In the subsequent routine focusing, the first half of the
instrument consisting of electrostatic analyzer plus source
arm is swung about the intermediate direction focus. The
field necessary to bring the ions to the same point on the
oscilloscope screen is a maximum for some particular
angle. If the direction focus occurs at this same angle,
then the direction focus of the electrostatic analyzer is
being formed at the pivot axis. Invariably both the direc-
tion and velocity foci occur near this angle and a minor
adjustment in 7', (to move the direction.focus) or a lateral
movement of the collector (to move the velocity focus)
is sufficient to achieve a double focus.

Near the double focused arrangement, a further test

for the coincidence of the two foci may be made. As noted

las 337 | 146 37

150 35

Nd CI, | NdCICl Nd Ci,
150_ 35 ‘i48_ 35 37
Sm. Cl Sm CI CI

2

Fic. 5. Oscilloscope display of the electron multiplier output.
From the left the peaks are MONd$Cly, 0SmdsCly, ¥SNd*CPF'Cl,
1485m3CIR7Cl, and “¢Nd¥Cl,. The base resolvmg power in this case
is ~ 110 000,

earlier, when the two foci are separated, By, is of apprecia-
ble size. During the velocity focusing test described above,
the angle o may be varied by means of the quadrupole
lens. If, under these circumstances, the velocity focused
condition is « dependent, By, is large and the velocity and
direction foci are not coincident.

On the basis of the current performance of the instru-
ment we have estimated the following upper limits for the
second order focusing coefficients: B11<0.1, B1»<0.2, and
Bs»<0.5. Further, it would appear that slit quality and
uniformity of the deflecting fields are the limiting factors
in achieving more definitive values of these coefficients.

G. Peak Matching and the Control Circuitry

The method of obtaining a mass difference is a variation
of the well established peak matching technique, which
in turn depends on Bleakney’s theorem.!® Let us suppose
that an ion of mass M traverses a given path through the
instrument in which certain fixed potentials are applied
to various electrodes (V; would be applied to the ith
electrode.) Then an ion of mass M’ will follow exactly the
same path through the instrument if all the magnetic
fields are maintained constant and all the potentials are
changed according to the relation

MV =MV, (2)

Provision is therefore made for changing the electro-
static analyzer voltage from V to VAV, on alternate
sweeps. The magnitude of AV is adjusted in order to bring
M' to the same stage of the oscilloscope sweep as M. AV
is then determined. The mass difference, AM=M'—M,
is calculated from AV/V and M.
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| and above the pole pieces a small shimming gap has been

introduced to improve the homogeneity of the field. Some

adjustment of the field uniformity can be made by chang-

‘ing the width of the upper shimming gap. The yoke is -

made in three sectors with two water-cooled exciting coils
on each -sector. The six coils are connected in parallel
electrically and in three parallel branches of two coils each
for cooling. : :

The field can be varied over the range 3-8 kG with a
typical uniformity of 1/5000 throughout the entire volume
to within one gap width from the boundary of the field.
Below 3 kG the inhomogeneity remains at ~0.5 G. The
stability of the magnetic current supply is 1 ppm or better
over a period of several minutes, ‘

The entire instrument is mounted on a rigid table made
of 150X 366X2.5 cm steel plate with a grid of 20 cm

_I-beams welded to its lower side. This table is supported
by eight pneumatic mounts which isolate the instrument
from building vibrations. Each mount contains a pressure
regulator and a rubber bellows which will support two tons
when inflated to a pressure of 7 kg-cm2, A cylinder of
nitrogen will operate the system for over a month. In the
event of a pressure failure the spectrometer table simply
settles onto steel supports. The table and five of the
vibration mounts are visible in Fig. 3.

As mounted, the spectrometer has a highly damped
natural frequency of ~1 cps. For frequencies of about
30 cps and greater (typical of building vibrations), the
isolation efficiency is better than 0.99.

E. Collector Arm

The collector arm shown in. the middle of Fig. 3 is
supported by a stainless steel frame attached to -the
-spectrometer table. A second ion pump (50 liters/sec) is
suspended from the collector arm and typically produces
a pressure of ~3X107% Torr during operation- of the
instrument. - ’

A pair of Helmholtz coils located between the magnet
and the collector slit (Fig. 3) is driven by a sawtooth
current with a repetition rate of ~19 cps. The resultant
magnetic field sweeps the ion beam across the collector
slit. All ions passing through the slit are detected by a
high gain, low noise magnetic electron multiplier (Bendix
M310). The resultant signal is amplified and viewed on
the oscilloscope from which the sawtooth is derived.
Figure 5 is a photograph of a trace in which five peaks
are shown. The base resolving power in this case is
~110 000.

Because of the location of the 50 liter/sec ion pump, it
contributes a noise current of ~10~% A in the electron
multiplier which can be objectionable when peaks of very
low intensity are studied. In this case the pump may be
switched off and the noise thereby reduced to less than
1071 A. '

F. Focusing Procedure

Prior to the start of construction the focusing proper-
ties of this instrument were investigated in some detail.’s
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F16. 3. The mass spectrometer.

Further details of the construction of the analyzer are
shown in Fig. 4 which is a cross sectional view through one
of the five positioning assemblies. The analyzer plates,
which are made of gold plated Armco iron, are supported
by fused silica blocks which, in turn, rest on the analyzer
base. The size of the gap is determined at each assembly
by a pair of cylindrical fused silica spacers. The position
of the plates relative to the reference surface may be
adjusted by means of the locating screws on each of the
outer mounts. The inner mounts have an Inconel-X spring
arrangement which presses the entire assembly together
and against the outer positioning mounts. In this arrange-
ment, the total variation in the mean radius of the analyzer
is ~0.003 cm (with respect to the reference surface). The
total variation in the gap is ~0.001 cm over the entire
area of the plates and much less in the more limited region
through which the ion beam actually travels. This results
primarily from differences in spacers (ground to 2.0000
-£0.0003 cm) and variations arising in the grinding and
electroplating of the plates.

The cover and base of the electrostatic analyzer are
made of 304 stainless steel. The vacuum. seal between
cover and base is made with a 1 mm diam gold wire
gasket. The pressure measured by the 140 liter/sec ion
pump is ~5X1073 Torr when the valve between the
source and the electrostatic analyzer is open.

The electrostatic analyzer and source arm are supported.
on three ball bearings located approximately at the en-
trance and exit boundaries of the electrostatic field, and
at the intersection of the tangents to the ion paths at
these points. A pivot is located directly below the direction
focus of the electrostatic analyzer. Thus, the first half of
the instrument, consisting of electrostatic analyzer plus
source arm, may be rotated as a unit about this pivot dur-
ing focusing.

D. Magnetic Analyzer

Each of the pole pieces of the magnet (shown at left in
Fig. 3) is a single block of Armco iron. The gap between
them is established by 2.540 cm Inconel spacers. Below




The object slit S, is variable in width and orientation,
as is the collector slit S,. For a resolving power of 200 000
at the base of the peaks and with the image width equal
to the width of S, S is 2.7 u width. The maximum value
of & is &=1072 rad, although S, is usually set to limit « to
+2X107% rad. Sp is typically set to correspond to B=-+8
X 10~ The height of the beam is limited normally to
~ 2 mm to ensure that all ions reaching the detector have
experienced. the same magnetic field.

B. The Source

The ion source, shown in Fig. 2, is a variation of the
Finkelstein' source. The oven is made of tantalum, coated
with boron nitride insulation, and wrapped with a rhenium

Fie. 2. Ion source.
A—Sample; B-—oven;

with LaBg); D—ribbon
heater and BN insula-
tion; E—Cu windings
for electromagnet; F—
S cm.

YA BRASS
B4 IRON

C—Re filament (coated .

Fic. 1. Geometry of the mass
spectrometer: ¢.=100.00 cm; @,
=94.65°; 4n=062.74 cm; &,,=90°;
Vo=44.45 cm; 1,=17.63 cm;
Vpn=8249 cm; 1",=5946 cm;
¢=27° ¢'=15° 2k=2.000 cm.

heating filament. The electromagnet is excited by the coil
E so that there is, in the central region of the oven, a
magnetic field of ~1 kG directed parallel to the axis of
the source. The ion accelerating potential V, (~20 kV)

~ is applied to the oven. The filament is 50-500 V, and the

brass and iron parts of the source housing are 100~-500 V,
negative with respect to the oven. Thus, electrons are
emitted from the filament and are constrained to follow
a path along the axis of the source, passing through the
hole in the back of the oven and then oscillating back and
forth. Within the oven a plasma is formed from which ions
are extracted through the front hole. '

For total electron emission currents of 5 to 100 maA, ion
currents from 0.5 to 25 uA have been obtained with an
energy spread of less than 2'eV. In the work done to date,
the samples have been solids (CdCl, or rare earth chlorides)

" whichi are vaporized in the oven..

The source arm is shown in the upper right corner of
Fig. 3, which gives a view of the entire instrument. The
lon beam is centered and focused on the principal slit by
means of an electrostatic quadrupole lens. The position
of the slit Sy relative to the electrostatic analyzer can be
adjusted by a rotary table mounted on the I-beam support
which, in turn, is bolted to the electrostatic analyzer base.

C. Electrostatic Analyzer

The electrostatic analyzer is a cylindrical condenser of
mean radius a,=1m and sector angle ¢,=94.65°, as indi-
cated in Fig. 1. The analyzer gap is 2 cm and the field is
terminated at the physical boundaries by blocks positioned
according to Herzog’s theory.
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A High Resolution Mass Spectrometer for Atomic Mass Determinations™
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A high resolution, second-order double-focusing mass spectrometer has been constructed for the precise deter-
mination of atomic mass differences.. The instrument has a mean radius of curvature in the electrostatic analyzer
of 1 m and has operated with a resolving power at the base of the peaks of ~200 000. Details of current operation
are given. The best precision achieved to date is 2.5X107, corresponding to ~250 eV at M =100 amu; typical pre-

cision is ~5X1079,

INTRODUCTION

HIGH resolution mass spectrometers which are used
for the precise determination of atomic masses are
normally deflection instruments consisting of electric and
magnetic fields in tandem. For this type of arrangement,
ions emerging from an object slit of zero width with half
angular divergence o and velocity =1o(14+8) will fall a

~ perpendicular distance

yB= @l Biat Baf+ Brio*+ Braoff+ Bxf?} N

from the optic axis after traversing the two fields. The
coefficients depend upon the distance /", traveled from
the magnetic field boundary.

The well known theory of Herzog! allows field arrange-
ments to be chosen for which Bi=B;=0 (for a particular
), thus providing first order double focusing. Subse-
quently several instruments which additionally provide
Bu=0 were designed and built>~® Finally, in 1959,

" Hintenberger and Konig? reported an extensive study of

the second order focusing properties of such fields and
proposed a number of arrangements which provide com-
plete second-order double focusing (Bii=Bi=B2n=0).

In 1963, when planning of the present instrument was
begun, no high resolution mass spectrometer possessed
complete second-order double focusing. Since then,

Matsuda ef al.#2 have described a novel high resolution

mass spectrometer which theoretically achieves this objec-
tive. In practice, however, the measured second-order
coefficients differ significantly from zero."

Although a brief preliminary description of the design
and construction of the new Manitoba mass spectrometer
has been given elsewhere!? we here present further details
together with information concerning its performance.

I. THE MASS SPECTROMETER
A, Geometry '

Of the many instruments proposed by Hintenberger and
Konig,” the geometry chosen for our purpose has deflection
in the same sense in both electric and magnetic fields plus
straight magnetic field boundaries. The advantages in
choosing this arrangement, shown in Fig. 1, are the
following.

(1) An intermediate direction focus is formed (at .)
by the electrostatic analyzer. This permits the use of the -
electrostatic analyzer as an energy analyzer capable “of
resolving ~ 1 eV. ,

(2) The total ion path is reasonably short compared to
the mean radius of curvature in the electrostatic analyzer,
¢.. The individual lengths Iy "o U'm, and I'n are also
relatively short so that problems due to mechanical vibra-
tion and stray magnetic fields are minimized. v

(3) It is not necessary for the ion beam to cross a curved
magnetic field boundary at a prescribed angle.

The scale of the mass spectrometer was determined by
choosing a,=1 m. The total length of the ion path is

" 4.59 m and the over-all magnification is 0.50. The values

of the other geometric parameters are given in Fig. 1,
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FIG. 1. Plot of double~neutron separation energy (S,,) and of neutron-pairing energy - (P,), both as functions of
neutron number, Data are for isotopes of the even-Z elements in the region 82<N § 126.

(b) The energy of deformation exhibited by nu-
clides with N =90 is least for Z = 60 (Nd) and
shows -a small but steady increase in going to
Z =62 (Sm) and Z =64 (Dy). The relatively high
value of S,, at **Dy (N =88, Z =66) may suggest
that this nuclide has already acquired a small
ground-state deformation. But in going from
N =90 to N =92, although there is also a Z depen-
dence, the incremental effect is greatest for Z
=60 (Nd).

(c) When viewed over a range of two neutrons
the segments of adjacent curves are usually par-
allel to one another, that is, irregularities are
reproduced for the same neutron numbers.

(d) The most conspicuous irregularities lie in
the region 106 <N <110.

(e) Below N ~ 106 the shape of the curves (which
are strikingly different from the “regular”
curves referred to earlier) indicates that for
certain elements the mass effect associated with
deformation continues well beyond 92, but at a
more gradual rate. ;

(f) The curves above N ~110 do not individually
reveal the disapperance of deformation, rather,
this disappearance is indicated by the large sep-
arations between the curves for Z=74 (W), Z
=76 (Os), and Z =78 (Pt).

In the lower portion of Fig. 1 is a plot of neu-
tron-pairing energies for the majority of nu-
clides represented in the upper portion, calcu-
lated according to the relationship®

P, (W) =(-1)ML[2SMN) =S, (N-1)-S,,(N +1)]. (3)

These pairing-energy curves are a refinement
and an extension of the pioneer work of Johnson
and Nier® and Johnson and Bhanot!® who drew at-
tention to maxima in the region of 90 and 116
neutrons. With reference to the lower portion of
Fig. 1, attention is now drawn to the following
specific features:

(g) At N =90 the neutron-pa1r1ng energies show
a definite maximum for Z =62 (Sm) and Z = 64
(Gd), a probable maximum for Z =60 (Nd), and
a possible maximum for Z =66 (Dy). The great-
est effect appears to occur at Z =62 (Sm) and
Z =64 (Gd).

(h) A second maximum in the neutron-pairing
energy appears to occur at N =116, although the
curve for no element actually passes through the
maximum. But the curves for Z =76 (Os) and
Z =18 (Pt) suggest the existence of this maxi-
mum, and those for Z =74 (W) and Z =80 (Hg)
are not inconsistent with this hypothesis.

(i) Between these two maxima, the neutron-
pairing energy appears to decline steadily to a
minimum in the region 106 <N <108, This is
undoubtedly related to the transition region re-
ferred to in comments (d), (e), and (f) above.

(§) The pairing energies for Z =80 (Hg) and
Z =82 (Pb) appear not to follow the same trend
as they approach the 126-neutron shell.

We are indebted to a number of individuals for
prepublication information, and appropriate
acknowledgement for this will be made in the
subsequent detailed papers.

593
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Results of a systematic study of atomic-mass differences in the region 82 SN <126
are presented as plots of double-neutron separation energy and neutron-pairing energy.
These plots provide information concerning the extent of the nuclear deformation which
begins in the region of 90 neutrons, its dependence upon Z, and its gradual dissappear-

ance in the region 106 SN <116,

In 19642 and 1965° some of us reported a se-
ries of precise atomic-mass differences in the
region N ~90, which provided accurate informa-
tion concerning the mass effect associated with

‘the onset of nuclear deformation in that region.
We have since extended this work substantially,
using improved techniques and employing both
the original high-resolution mass spectrometer®
and a newly constructed one,® and can now pro-
vide a fairly complete picture of the mass sur-
face between the 82- and 126-neutron shells.

‘ The details of this work, including the major

comments on its interpretation, will be reported
in due course in a series of papers, but the over-
all picture is sufficiently informative to warrant
its prior presentation.

*  As in earlier work, most of the mass differ-

ences have been obtained by studying doublets

.. of the type

AM =4X #C1-4-2%,%Cl, (1)

' where X, and X, may or may not be isotopes of

the same-element. The fractional spacing of the

various doublets studied ranged from one part

in 8400 to one part in 115800. The error associ-

ated with AM was usually in the range 1-4 keV.

Since the *'C1-%Cl mass difference is known to

" 0.4 keV,®" double-neutron separation energies

' S,, can be calculated to virtually the same pre-
cision as AM, viz.

S,p=2n—(4X ~472%X )

= 2n~(*"C1-*Cl)-aM (2)

. for cases in which the doublet contains isotopes
| of the same element. For cases in which iso-
topes of different elements are involved, the

1592

available data are frequently accurate enough
to introduce negligible error in the calculation
of S,, for the nuclides concerned.

The upper portion of Fig. 1 is a plot of S,, for
even-Z, even-N nuclides from N =74 to N =126.
The many data relating to odd-Z and/or odd-N
nuclides are omitted in order to avoid congestion
in the figure. The values for Xe and Ce (taken
from the 1965 mass table® which in this region
is based primarily on the work of Johnson and
Nier® and Damerow, Ries, and Johnson™) are
included to show the characteristically “regular”
shape of the curves of S,, vs N in the region 50
<N <82, and to remind the reader of the sudden
decrease in S,, which occurs as the 82-neutron
shell is exceeded. The values for the other ele-
ments are based mainly on some 70 mass dif-
ferences determined in our laboratory during
the past four years. Most of these values are
derived directly from Eq. (2), but a few require
for their calculation the use of accurate reaction
Q’s or disintegration energies.

As was mentioned, some of the curves shown
in the upper portion of Fig. 1 for N ~90 were
published earlier, at which time attention was
drawn to the major discontinuity in slope at N
=88, the apparent charge dependence of this ef-
fect, and the suggestion that the slopes for N
=92 are similar to those for N<88. Also, the
relationship between these effects and the defor-
mation of the nucleus was commented upon. Ad-
ditional points now to be noted include these:

(a) The injection of the new data has produced
a marked increase in the regularity of the S;,
curves in the region 92 <N <126. One may now
ascribe special significance to the irregularities
that remain.
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MACFARLANE (McMaster): 1In this respect we've started to
measure some Q-values for thermal neutron (n,a) reactions
in this region. And there will probably be about eight
or nine cases that we'll be able to measure and this will
provide some connection between elements.

DUCKWORTH: 1I'd like to say at the risk of delaying all of
us, that we had at McMaster University before we moved to the

University of Manitoba, a uniquely harmonious arrangement,
and I use the word unique in its true sense because I am
sure it has not existed before. We were determining these
binding energies in the 90 neutron region. Ron MacFarlane
was determining a~decay energies in the same region and
Terry Kennett and others were doing capture y-ray work
using the new Ge(Li) techniques in the same region. And
we had at the same time Preston and Sprung who were in-
terested in calculating the binding energy of nuclear
matter. I don't think ever in one laboratory, certainly
not in a small laboratory, have so many people been to-
gether with common interest. And when we would have a new
value we'd run upstairs to MacFarlane to see if he would
have something that would compare with it. And sometimes
he would run down with new values that he had. It was
tremendously stimulating. In a way, it was a microcosm
of what this conference represents. That was one of the
great regrets that I had, and the rest of us, when we
decided to move to the University of Manitoba.

Now that is purely gratuitous but it is in the
spirit of the conference.

HINTENBERGER (Mainz): You now have some connections between
nuclides of different elements. Can you say anything about
the B8~decay energy of 187Re from your new measurements?

DUCKWORTH: I have it in the tabulation., Many decay
energies, of course, can be calculated and my recollection
is that we have re-calculated this and agree within the
limits of the error with what appears in the Mass Table.
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that I notice there and I was wondering whether there
was any real physical significance in it. If you look
at the 3 Xenon points, they seem to extend right in
across the break to the Nd and the Ba seems to extend
across directly to the Sm, the Ce to the Gd and, in fact,
the first two G4 points seem to line up with the Sm last
two points. There seems to be an identification of
corresponding energy levels from Ba into Sm in some way.

DUCKWORTH: We'll hear perhaps from Zeldes in a minute,
but I should think this is fortuitous. Before the 82
neutron shell, the curves are regular and,they are spaced
by roughly regular amounts. And then after the 82 neutron
shell things adjust to reasonable regularity again and,
once again, the spacings are about the same between
elements as was before. So that if one had a fortuitous
coincidence between N& say and Xe, then he would have
many others, because of this equality of the spacings.
Perhaps Zeldes can read more meaning into this, but I
think it is fortuitous.

2ELDES: I agree with that.

It would be nice to measure as much as possible
doublets connecting different elemernts, because now after
this nice work you know almost perfectly about neutron
effects on shell effects, deformation effects and s¢6 on.
But still the information about the protons is much worse,
and you had four isolated groups or even more with no
connections between them in your four slides. B8o it's
very good if you can extend these doublets with different
elements. -

DUCKWORTH: Yes, we are aware that the connections between
different elements are especially valuable. You will under-
stand that they are harder to do hecause one has to have

in the source material that will produce ions of both
elements, And I think that the gap between the region 1
and the region II which involves Tb would have been covered
if it hadn't been that the students who were working on
their theses .and those who were planning to move the in-
strument were both working to a deadline. We ran out of
time last summer before the Tb connections were made.
However, I don't think those are difficult, I think they'll
be made soon when we resume the program, hopefully before
Christmas.
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DISCUSSION

ZELDES (Jerusalem): This is in connection with the proton
shell effect. If you look at a~decay energies from the
1961 table (which is essentially based on Bhanot, Johnson
and Nier's doublets) and from the 1964 table (which is
based mainly on the Russian doublets) you see at the peak,
a gap beyond Gd, and you go from Gd to Dy which shows a

gap beyond 64 protons as it should be in spherical nuclides
because the g7/2d5/2 shell closes there.

But then when you go to the right into the deformed
region then the line of Dy is much steeper than that of Gd
and the gap above Gd disappears. Now it seemed that there
is a big gap beyond Dy, between Dy and Er. And in the
Nilsson diagrams you can also find something above the 66
protons. But then with the newer data, the gap beyond Gd
on the left exists, but when you go to the right, the gap
above Dy has almost disappeared. I mean, there is some-
thing, but if you go from Er say to Yb it's more or less
the same as from Dy to Er.

So I want to know if your new data can say something
about the situation. I noticed you have connections within
elements from 66, from Dy,to 71. So from your data you
could plot the up-to-date graph and tell what happens above
66, above Dy.

DUCKWORTH (Manitoba): Your Dy curve, of course, extends
very much further than the limited curve that we showed.

ZELDES: From your data and from the nuclear decay and
reaction data I think you can calculate the a-decays
appearing in this figure into thé deformed region.

DUCKWORTH: The only analysis we've done is the plot of

the double neutron separation energies, so all that I could
say now would be what one could infer from that curve that
was shown on the boards.

ZELDES: You have the data to calculate double proton sep-
aration energies and find out.

DUCKWORTH: Yes.

COHEN (North American Aviation): In your plot of double
neutron separation energies, there is an intriguing trend
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The total electrostatic analyzer voltage V is mea
sured in two steps by a digital voltmeter and the change in
voltage AV is determined by means of a potentiometer.
When the error introduced by these instruments is added,
the error in the new determination is increased to 2. 3 pu

As shown in this figure the new value is in good
agreement with several values for this doublet obtained
over a number of years in our laboratory using the 9'
radius instrument and various measuring equipment, In
particular, it should be noted that the last value was ob-
tained with a set of equipment which,except for the en-
hancetron, is distinct from that used to obtain the new
value,

The part of the error representing the reproduc-
ibility of the results is unfortunately, somewhat larger
than we expected. We believe, however, that this reflects
borderline intensity coupled with small fluctuations in peak
position which were quite common during these measure-
ments. Accordingly, an effort will be made to correct
these problems before we commence the work in the
upper rare earth region of the periodic table.

REFERENCES
L H. Hintenberger and L. A. Kodnig, Advances in Mass
Spectrometry (Pergamon Press, London, 1960)

p. 16.

2. R. C. Barber, Can.J. Phys. 43, 716 (1965).

3. R. L. Bishop, R.C. Barber, W.McLatchie, J. D.
Macdougall, P. Van Rookhuyzen and H. E. Duckworth,
Can. J. Phys. 41, 1532 (1963).

4, J. D. Macdougall, W. McLatchie, S. Whineray and
H. E. Duckworth, Zeits Fur Naturf. 2la, 63(1966).

5. W. McLatchie, Ph. D. Thesis McMaster University
1966.

*Work supported by the National Research Council
of Canada




JIoM3dU \

S " 9duUelSTSaX n 996T ¢ ¥ 8%5°¢
14 u u uoajzsdueyus 9961 € F LV¥S*E
v u “ u 9961 € F 9PS°¢
sntpex
€ 1 6 " n €961 ¢ ¥ L¥s°¢
JIOM snipex Ia3awoT3iuajod
y FuSsaid ‘w T /a939u] 7oA TensTa L96T €2 ¥ 0OL¥S°€
@
Q
N -
2 oouS Jusu A/AY butyozen azeq 90UDI8IITA SSBW

-I19399 -nI3sur JO sjusweINsSea| Iead JO POYISH

(nwa) edusaayrig
SSE 1D ,¢PDzyp - 1OG¢POgqy 107 SOMIBA JO uostredwio) - I HTAV.L

728/R.C.




R.C. Barber/727

After these basic geometrical adjustments have been
made, routine focusing is carried out as follows. - When
the electrostatic analyzer is moved about its pivot, the
field necessary to bring the ions to the same stage of the
oscilloscope trace is a maximum for some angle. If the
direction focus occurs at this angle also, it indicates that
the electrostatic analyzer is direction focusing correctly.
Our experience is that the direction and velocity foci in-
variably occur near this angle and either a minor correction
in the source position (to move the direction focus) or a
lateral movement of the collector (to move the velocity
focus) 18 suffi cient to achieve a double focus.

Fig. 8 is a photograph of the_live display of the tri-
plet 1140%35@2 " A2ca35c37c1 - 110Ca37Cl, at mass 184,
The mass difference between the two strong members is

1/52, 000 so that the resolution here'is about 1/160, 000
at the base of the peaks.

The sum of many traces of this type as accumulated
by the enhancetron is shown in Fig. 9. This picture con-
firms that the noise to the left of the 114Cd35C12 peak is
random.

We have not as yet carried out a systematic invest-
igation to measure the upper limits of B1], B12 and B22.
However it appears that the present limitation to the
resolution arises from the low intensity which we are able
to pass through the principal slit. The maximum useable
resolution achieved to date is 1/200, 000 (base).

Results ‘

As a check on the performance_ of the instrument we
have re-determined the 114Cd35Cl - H2¢d37Cl mass
difference. This was done using the peak matching tech-
nique and the enhancetron null detection system which was
described earlier by Professor Duckworth.

Each run consists of 4 determinations which repre-
sent the possible permutations of adding or subtracting AV
and sweeping the ion beam across the collector slit in both
directions. The mean of these 4 values is then the value
for that run. The mean which we have shown in Table I
is the mean of the values for 19 runs made on 5 days of
. operation. The standard deviation of the results 1s 2. 0 pu,




726/R.C. Barber

Fig.8

Live display of the triplet 1l4cg35c1

- llsz3§Cl%7Cl - llOCdg7C12. The mags
difference between the two intense peaks
is 1/52,000.

Fig.9

Contents of the digital memory after
many sweeps of the display shown in
Fig. 8.
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amplified signal from the electron multiplier is viewed on

the same oscilloscope that provides the sawtooth,

Focusing

The focusing properties of this instrument were in-
vestigated in some detail before construction began (2).

In particular, the focusing was examined for the case
where the instrument is set up to the designed dimensions
but the magnet field is not uniform.

It was found that the individual widths of the ''velocity
and direction foci' are not altered although the foci may be
separated and moved from the theoretical position of double
focus as illustrated in Fig. 7. In this case, of course,

B]2 3% O. A suitable small correction could be made to
bring the two foci together althought not necessarily at the
theoretical position of double focus. In this case By, was
virtually zero (for AM/M = 1/500, 000) as well.

Our conclusioh from this was that it was necessary
to find only the correct position for a first order double
focus. Since the second-order aberrations are not ex-
tremely sensitive to geometry we would then have a second
order focus as well.

The focusing procedure and the tests for focusing
are similar to those used in operating the large mass
spectrometer. The ion energy is changed by 22-1/2 volts
on every second sweep of the oscilloscope. Lack of
velocity focusing results in a peak being displaced with
respect to itself. The displacement may be detected
either on the live display or by using the enhancetron to
match a peak with itself. The direction focus is char-
acterized by a marked increase in the resolution of the -
peaks.

In the initial focusing, the principal slit was placed
at its theoretical position with respect to the electrostatic
analyzer The distance between the electrostatic analyzer
and magnet and the distance from the magnetic field
to the collector were also set. Then the entire instrument
was adjusted relative to the magnet to correct for the
fringing field of the magnet. This adjustment is equivalent
to moving the magnet along the bisector of the angle de-
fined by its entrance and exit boundaries.
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; Fig.6 Complementary view of entire instrument.
a0 0A te.0)
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Fig.7 Calculated ion trajectories at the final

image of the instrument for a non-
uniform magnetic field.
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inner positioning mounts.

The electrostatic field is terminated at the physical
boundaries of the condenser by Herzog terminating blocks.

The analyzer cover is made of 304 stainless steel
with the vacuum seal between cover and base being made
with a gold wire.

The analyzer is supported by 3 ball bearings located
approximately along the tangents to the ion path at the en-
trance and exit of the electric field. A pivot is located
directly below the direction focus of the electrostatic an-
alyzer. This arrangement allows the analyzer to be
moved easily by hand during focusing.

Magnet

The pole pieces of the magnet shown in Figs. 5 and
6, are each a single block of Armco Iron and separated
by 1! inconel spacers. Below and above these pole pieces
a shimming gap has been introduced to improve the uni-
formity of the field produced. The yoke is made in three
sectors with 2 exciting coils on each sector, Some adjust-
ment of the field can be accomplished by adjusting the
width of the upper shimming gap.

The typical uniformity for any field in the range 3-8
kgauss is 1/5, 000 over the entire region to within about
one gap width of the boundary.

The magnet coils are water-cooled and are designed
for a 60 amp, 100 volt supply. A transistorized curreént
regulator maintains the current constant to about 1/10
(or better) for short term.

Figs. 5 and 6 show how the entire instrument is
mounted on a rigid steel table. Should vibrations prove to
be a problem when we improve the resolution, we propose
to equip the legs of the table with standard spring shock
mounts.

Detection

A pair of Helmholtz coils, located (Fig. 6) at the
exit boundary of the magnetic field, is driven by a saw-
tooth current. The resulting magnetic field sweeps the
ion beam across the collector slit at 30 cps. All ions
passing through the collector slit are de tected by a low-
noise high-gain electron multiplier (Bendix, M310). The
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Barber

Fig.4 Interior of electrostatic analyzer.

rig.5

View of entire instrument showing
control panel.
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is a conventional electron bombardment source which
may be fitted either with a gas leak or with a small oven
mounted on the back of the repeller electrode. The
source potential,/~ 20kV, is derived from a commercial
supply which was modified to provide a short term var-
iation in voltage of less than 1/20, 000. The ion beam

rom the source is focused on the principal slit by means
of an electrostatic quadrupole lens designed to produce
a line image at the principal slit and a parallel beam in
the Z- direction. Beam centering is accomplished by
applying small bias voltages to the quadrupole lens.

The position of the principal slit in the horizontal
plane may be adjusted relative to the electrostatic anal-
yzer by the rotary table which is mounted on the "I"
beam support. The slit is directly over the center of
the table. The supporting "I'" beam is bolted to the
electrostatic analyzer base so that the entire source
assembly may be moved with the electrostatic analyzer
as a unit,

Electrostatic Analyzer

The interior of the electrostatic analyzer is shown
in Fig. 4.

Each of the two electrostatic analyzer plates is
made of Armco iron and is gold plated- The plates are
positioned relative to the inner edge of the stainless
steel base plate. The mean radius of curvature is 1. 00
metre as noted previously, and the separation of the
plates is 2. 000 cm. The variation in the radius of
curvature is 2 0. 003 mm. (. 0015") and the variation in
the gap is «~ 0. 01 mm. (. 0004).

The plates are supported by 5 quartz blocks which
have been accurately ground to the same thickness
(~. 0l mm. or.0004'"). The gap is determined by 5
pairs of quartz spacers, which are ground to 2. 0000 %

3 cm. Of each pair, one spacer is at the bottom of the
plates and the other is at the top. The position of the
plates relative to the reference circle may be adjusted

by a locating screw on each of the inner mounts. The
outer mounts have an inconel spring arrangement which
presses the entire assembly together and against the
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Vacuum System

The entire vacuum system is made using 304 stain-
less steel. Metal gaskets are used throughout except in
the valves and on the source side of the principal slit
where Viton "O" rings have been used. The main
chamber is evacuated by a 140 1/sec ion pump, located on
the electrostatic analyzer and a 50 l/sec ion pump, be-
tween the magnet and the collector assembly. Typical
pressures at these two pumps are 2 x 1077 torr and 6 x
10-8 tonr respectively.

Fig. 3 is a photograph of the source arm, showing
the source, slit controls and vacuum arrangement. The
two oil diffusion pumps, which provide differential pump-
ing in the source and lens regions, have an untrapped
speed 0f 100 1/sec and are equipped with water-cooled
baffles, liquid nitrogen traps and gate valves for isolat-
ing the source region. The usual operating pressures
areas2 x 1072 torr in the source and ~ 5 x 10-7 torr in
the lens section,

Source

The source arm is shown in Fig. 3. The ion source

Fig.3 Source arm of instrument.
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A

Fig.1l Geometry of second-order double-focusing
mass spectrometer.

which was chosen to be 1. 00 metre. The total length of
the optic axis is 4. 59 metres and the overall magnific-
ation of the instrument is , 50.

Fig. 2 shows the physical layout of the apparatus in
somewhat different detail. The principal slit, Sy, is
variable in width and orientation and would be 2. 2 microns
wide when the instrument is set to give a resolution of
1/200, 000 at the base of the peaks. The angular spread

accepted by the instrument is determined by the slit S
which is usually set at 1. 2 mm. This value corresponds

to X =22 x 107~ radians although the maximum value of
oL (determined by the position of the fringe blocks) is 10-2
radians., Slit S3 is located at the direction focus of the
electrostatic analyzer and would be typically set at 3 mm.
corresponding to ﬂ -%8 x10-4. The height of the beam
traversing the magnetic field is limited to a2 mm. by
S4.

The beam can be monitored by collectors at two
locations; one is hehind the @ slit while the second is
a moveable probe at the exit boundary of the magnet.




PART II: A New Second;Order Double-Focussing Mass
Spectrometer '

by
R. C. Barber, J. O. Meredith, R. L. Bishop, H. E. Duck-
worth, M. E. Kettner and P. Van Rookhuyzen
University of Manitoba, Winnipeg, Canada

Following the 1963 Conference on Nuclidic Masses
in Vienna, we decided that the next step in atomic mass
determinations should be the construction of an instru-
ment which would provide complete double focusing to
second order. Preliminary work in this direction began
in January 1964 and was followed by the start of constru-
ction in the summer of that year. The assembly of the
instrument took place at the University of Manitoba from
May 1965 onwards.

An extensive study of the second order geometry of
mass spectrometers and spectrographs by Hintenberger
and K6nig (1) led to the proposal by them of a number of
instruments which would provide partial or complete
second-order double focussing. The instrument which
we selected as the most desirable one of this group is a
mass spectrometer with deflection in the same sense in
both electric and magnetic fields and with straight mag-
netic field boundaries., The geometrical arrangement
is shown in Fig. 1. The considerations in selecting
this instrument were the following: "

(1) An intermediate direction focus is formed at le
This permits the use of the electrostatic analyzer as an
energy analyzer with a resolution of about 1 volt.

(2) The total ion path is not unreasonably long. Also
the individual distances from source to electrostatic an-
alyzer (1e‘ ), the sepasation between the two fields(d), and
the image distance (ly )are all relatively short.

(3) It is not necessary for the ion beam to cross a
curved magnetic field boundary at a prescribed angle.

The scale of the instrument is determined by the
mean radius of curvature in the electrostatic analyzer

717
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CHAPTER 4

PEAK MATCHING BY COMPUTER

The 1024 chaﬁnel memory of the signal a&eragér
has been split into four quadrants. Thé refer-
ence peak is stored in the first quadrant,
while the second peak is shifted near to

. AV

coincidence by adding voltages AVl, ot

AV3 to V, and the three corresponding” spectra
-are stored in quadrants two, three and four.
The position of the second péak_relative to
the first is found as a function of Av and
the Av for a match is determined. The pre—

cision obtained is compared to the statistical

limit set by the nuﬁber of ions.

Introduction

As noted in Chapters 2 and 3, the peak matching‘method

of determining a mass difference depends on a theorem due
to Bleakney (1936). Thus all voltages should be switched
in the ratio AM = AV, i.e. the acceleratlng voltage, Va'
must be switchgd byvan amount»ofAVa and strictly speaking,

voltages on the quadrupole lens electrodes should also

be switched. However, for the narrow doublets reported
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here (Am/M‘§ 1/40,000), £he effect of - the quadfupole switching
voltages on the spacings is negiigble and therefore fhese
voltages were not switched. |

A brief description of the computer peak matching method
haé been given.by Meredith et al (1971). Here we shall
give more details of the voitage suppliéé and the switching
mecﬁanism, as well as a repor£ of the results'on'two cadmium

chloride doublets.

Description of Apparatus

The Fabri-Tek FT1052 siénal averager, used originally
for the visual null method of peak matdhing, has been modified
by splitting thé‘memorQ into four sections of 256 channels.
During the first quarter of a dycle (1 cycle = a sweep of
all 1024 charnels) AV = 0, and a signal proportional to the
reference peak of mass M is stored in the first quadrant.
During the second, third and fourth quarters of the cycle,

voltages AV AV2 and AV3 respectively are added to the ESA

1’
voltage, V, and the corresponding signals for the peak of mass
M' are stored in the remaining three quadrants:, The whole cycle
is'repeated many ﬁimes to increase the number of- ions collected
aﬁd to improve the signal to noisé ratio (see for instance,
Kleiﬁ and Barton 1963). The adcumulated memQry contents are
shown schemaﬁiCally;in Fig. 4-1 with the four quédfants dispiayéd
. one above the other. | |

Generally, AV2 is set.near the expected value for the

doublet while AV, = AV

1 - 8§V and AV, = AV

2 3 + 5V are set 0.1%

2
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to 1.0% below and above AV The lateral displacement Of the

9°
peaks from the matchedvoonditioh (the D;) is exaggerated
for quadrants two and four. The displacement‘Dz'is usually
very small and is'uot-shown in the figure. |

Either M or M may be used as the reference peak, that‘

is, the lighter member of the doublet may be matched to -the

heavier, or vice versa. This corresponds to adding or sub-

tracting AV. Also, the ion beam may'be swept in two differ-
ent directions across the collector slit. We call these
V"Sweep forward" (where the lighter member of the doublet is
dlsplayed flrst), and the other is ‘"sweep reverse". Finally,
the AV staircase may increase (N), or decrease (B)) as shown
in Fig, 4-2b. Permutation of these three arrangements -leads to
eight different matching configurations. In order to reduce
the possibility of a systematic error due to the matching
configuration, all eight are used, and the weighted average
is called one run.. Fig. 4-1 represents the memory oontents
for N, Add Forward accumulated after several minutes.

The AV wave form shown in Fig. 4-2b is derlved from the
circuit shown 1nF1g4—2a using a Guildline 9745/4 mechanical
chopper. The ohopper was selected for low voltage applications
because of its very low thermal emfs (<0.02uV) and very small
variation in resistance between the gold contacts. It is
driven by a synchronous motor via an "O" ring at an average

frequency of 5.67 cps. Separate trigger signals are taken
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from the fourth set of cOntaots, labelled signals A and B.
These are used to start thé address advanoé for each qﬁadrant
at a4 msec intervals. When the Fabri-Tek memory advance
reaches address 4 in each:quadrant; a trigger signal is sent
- to the oscilloscope. It starts its sweep, and drives the
Helmholtz coils to modulate the ion beam across the collector
slit. The actual time interval for the collection of data

is 25.6 msec (100 msec/channel), following which there is a
deadjtiﬁe of ¢7 msec. Then V‘and Va are éwitched to new
values as indicated in the figure} there is a further interval
of 10 msec for transients to die away, and the process con-
tinues. The time base of the oscilloscopelsweep is adjusted
to coincido with the quadrantvsweep. Since the AVa which
corresponds to GV is 0.5 to 5 mvolts, AVa need not be stepped
exactly to correspond to the three slightly different>AV'$.
Ava is set to a precision of 0.1 volts at the calculated
Value for‘AVZ;'ana is then constant for the last three

guarter cycles.

| In order to make maximum use of the information available,
4£he peak of interest is adjusted to occupy as many channels as
possible in the-centre_of-eaoh quadrant, leaving about 30
channels at each end to eétablish a base line. The memory
contents are read out onto magnetic tape, ihen the matching
configuration is changed,-and the process repeated. When all

eight configurations have been used, one run is complete.
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As many runs as desired may be recorded;‘usually with minof
refocussing of the'specfrometer between runs. One £ape.wili'
hold more than 15 runs, althoﬁgh,an average daflis about 5 to

10 runs.

Computer Analysis

The seven track tape is éarried to the computer céntre
for analysis on an IBM 360/65. The tape is read, and the
binary record is translated to decimal. Each record is theﬁ
-.written in EBCDIC on a library Eapem énd the spectrum is
plotted on the line printer for visual inspection.

The points A, B, C and D in Fig. 4-1 are identified by
eye and are read into the computer on pdnched cards. The
base line is caiculated between A and B and between C and D
for each quadrant,-and is subtracted from the peak between
B and C. The overlap of tails from the peaks has the effect
of reducing the'calculated separation if all of the peak
right down to the basé line is used. Stevens and Moreland
(1968) have commented on this, their lead has been followed
here. Only that part of the. peak lying 15% above the base
line is used. A further discussion of the effect of the
tails will be given in Appendix B.

Instead of.using the single highest point as the peak
height, the parabolic approximation of Weichert and Russell

(1968) is assumed near the. local maximum. A seven point
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least squares smoothing, developed by Savitzky and Golay
(1964) is carried out to obtain a more reliable value of the

peak height. Then, starting at point B, the programme searches.

. for three consecutive points lying above the desired 15%

level és shown in Fig. 4-1. The first of these three points
is labelied B'. In order to treat the leading and trailing
edges in a similar fashion, the programme then goes to the
point C aﬁd searches backwards for three consecutive points -
1yin§ above the cut-off level. Thé first‘of these is called
C', the end of the peak.

Now we wish to know the number of ions in the peak
between B' and C'. Work by Campbell and Halliday (1965) has
shown thét the fundamental limit of précision;in-locating-a
peak is' determined by the number of ions in the peak. The ideal
peak is triangular, and the weighted mean, or centroid, 1is

the best method of estimating the location. For a large

number of ions, N; the triangle can be approximated by a

normal distribution with a standard deviation of W/V24N,
where W is the full width at'the base of the peak. After
subtraction of the base line, the peak height is converted

to the actual number of ions by multiplying by a previously

determined calibration constant.
The centroid and first four moments of the distribution:

between B' and C' are calculated. From the second moment

the'standard‘deviation_is»calculated; this agrees with the
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estimate based on W/vY24N to within a few percent when the
cut-off level is ilS%. The third and fourth moments allow

more detailed. comparison of the peak shape; skewness and

sharpness. relative to a Gaussian.

After finding the centroid and its standard»deviation £

the peak in each quadrant the displacements Dl’ D2 ande3
are calculated As showh_in. Fig.. 4-1, DivlS the displace—
ment of the peak in quadrant (i + l) relative to the refer-

ence peak in quadrant one. The errorliri'Di is di where di

is the r.m.s. combination of the errors in locating the two

peaks. A straight line is fitted to the three pairs of
"points‘(Diidi, AVi ilg);» The iterative least squares
fitting developed by'Williamson (1968) takes into account

the errors in both coordinates. (See also Appendix A.)

The matched condition prescribed by Bleakney's theorem

is D = 0; thus the intercept of the fitted line on the AV

or

axis is theidesired AV. The calculated error in the intercept

| agrees very well with the error expected on the baSlS of the

total number of ions in the match

A series of experiments was carried out to determine if

a linear fit was justified. A series of ten matches were

taken, each with AV =0 (that is, a peak is matched to itself),

and different 8V's applied, spanning the range usually used,

ranging from 4 times smaller to 4 times bigger than the normal

6V. A straight line, then second and third order polynomials

In this work, 'error' means standard deviation, and the two

terms are used interchangeably.
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were fitted to the resulting set of about 30 points. This
was done fof each of the eight matching configurations. " In
each.case the coefficient of the quadratic term was three
orders of magnitude smaller than that of the linear term,
and had the same sign for both positive and negative slopes;

This introduces an error smaller than the errors on the inter-

cept and slope. MoreoVer, since half of the configurations

- lead to a positive slope and half to a negative slope, then
neélecting the quadratic term gives results slightly too .

high for fits witﬁ positive slope, and sl?ghtly too low fdr
those with negative slope. Thus, the small effect cancels

over a complete run. 'If the curve were 's' shaped, there
would be little-o: no error introduéed into the determination
of the_interceét. However, a cubic fit resulted in essentially
unchanged lower order coefficients, and the cubic coefficient
was fouf orders of magnitude smaller than the quadratic.

In this matching of alpeak.to itself it was noted that

the peak in quadrant one was shifted by n0.18 channels with
respect to the same peak in the other three quadrants. This
"is of the same size as the error of locating a single peak,

and becomes apparent only after considerable work. The effect

of this makes half of the determinations oo high and half
too low, so that the final result is not systematically changed.
However, it results in an unnecessarily larger error in the

final result since the values for the eight configurations break -
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into two groups of four. A correction of 0.18%.02 channels

is now applied to the Di before fitting the straight lines

and averaging the eight intercepts.

Results
Three well known doublets in the spectrum of cadmium

chloride were studied to test the operation and precision of

the new system. Table 4-1 shows the working resolving power
(FWHM) , the values of AM obtained for individual runs, and the
'internal' and 'external' errors as defined by Birge (1932).

The value of AM in colum 3 is the weighted mean of the eight
different matching configurations. Since the standard deviation
on each match depends on the number of ions, all eight con-
figurations have approximately the same weight. The internal
error in column 4 is the error expected on the basis of the
errors calculated for each match. The external error in

column 5 is calculated from the spread of the eight values

about their weighted mean. The Birge ratio (defined as Og t/

X

Uint) is often about 5. This means that the differences

between results from the eight configurations is a factor of

five larger than would be expected on the basis of the pre-
éision associated with each match. ‘The internal error of

n O.Suu at M ®200ﬁ is fhe lower limit attainable with the
number of ions collected and the resolution used. At present,

there does not appear to be a systematic variation of the
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result~whieh,can'befassociated with the matchingiconfiguration.
The-larger spread of. the results is probably due'to changes
vin the spectrometer opération from match to match. Source
conditions often change drastically due to- sparks ot sudden
evaporation of a small quantity of the sample. The quadrupole
settings often have to be adjusted slightly and the ESA may be
moved if refochsing is required. - All of these may contrlbute
to the variation in the final answer beyond that expected on
statlstlcal grounds alone.

The larger of Oint and.oext (i;e.aext) is then used to
calculate the final weighted mean for the 6 or 7 runs on each
Vdoublet. In this final calculation the new internal and
external errors are the same eize to within 5%, indicating
that the assignment of an error of lt5'to 4 ﬁu for a single
run is realistic. The reproducibility of the spectrometer
from run to run and from day to day is as good as its‘shoft
term stability from match to match within algiven run.

To compare the.actuai_doublet values, Table 4-2 presents
determinations made in a number of different laboratories over
the last eight years. It is seen that the present work has
achieved the same prevision as the total of all past work
with about two to three hours of machine time, with only one
operator in place of the'two previouely used.

Finally, to show the improvement in precision of this
method over that obtained by the visual null method three

histogrammes are shown in Fig. 4-3. The precision for a
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doublet is 6M/M, where 6M is the standard deviation for the

doublet and M is the mass at which the determination was made.

This figure is multiplied by vN, where N is the number of

runs for the given doublet, in order to obtain the precision

-associated with a single run. The histogrammes are plots of

the values of SMYN/M. The upper two histogrammes are for
the visual null method before and after the 1nstallatlon of
the vibration mounts. The precision for a slngle run is

6.6 % 6uu at mass 200u. The lower part is the pre01s1on

achleved with the new computer peak matching. The precision

now for one run is 4.6 # 8uu at mass 200yu.

It is thus seen that there is a significant improvement

in precision. Moreover, there is a reduction by a factor of

two in man-hours required in instrument operation which is

not considered in the above.
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Date

March
March
March

March

March

March

March
March
March
March
March
‘March

March

March

R.P. (FWHM)

18/71 123,000
19 168,000
19 165,000
24 117,000
25 140,000

25 157,000

Weighted Mean

\ TABLE 4-T
CADMIUM DOUBLETS
-All Masses in Micro Units

i

4343.7

4351.8

4350.3

4345.7

4351.8 "

4347.0

4348.7

Tiscg®sci-112¢q%7¢cL

17 163,000
17 152,000
18 156,000
18 150,000
22 145,000
22 139,000
25 - 176,000

Weighted Mean

11 3cd3 501_1 1 lcd3 7cl

24 220,000

3553.8
3547.6
3546. 3
3545, 3
3551.6
3549.9
3547.9
3548.5

3175.4

e

int

0.89
0.60

0.65

0.57

0.57
1.2

ext

34,600

3.7
4.0

2.5

- M/AM 3 42,000

0.54
0.25
0.28

0.27

1.13

0.71
0.57

1.0

0.96

M/AM 4 58,000

2.1
1.2

1.5

3.54



TABLE 4-.IT
| CADMIUM-DOUBLETS‘ |
" Source ' "AM(ﬁu)
IIGCd35Cl—Jlqu37Cl

1963 McMaster, Visual - 4353 ¢
1963 Minnesota - 4352  #
1965 McMaster, Visual 4337 %
McMaster, Enhancetron 4344 %

- 1966 Aldermaston (t,p) 4383 #
McMéster, Nier Network - 4346 ¢+

Weighted Average 4347.9 % 1.3 uu

11"Cd35Cl—11?Cd37Cl

1963 McMaster, Visual , 3547
-1963  Minnesota ' 3554 %
1965 = McMaster, Visual 3546 £

McMaster, Enhancetron 3547 +
1966 Aldermaston (t,p) ' 3548 ¢+

McMaster, Nier Network 3548 ¢
1967 ° Manitoba 3547.0+%
1968 Manitoba 3548, 2+

Weighted Average 3547.7 * .9 uu
1130935071.11104370]

1963 McMaster ‘ o 3174 *

(a) Bishop, et al (1963)

(b) Damerow, et al (1963)
(c) Macdougall, et al (1966)
(d) McLatchie (1966)

(e) Bishop (1969)

(f) Bishop (1963)

N w N

10

W W N

10

NN

2

oW

" Ref.

(a)
(b)
(c)

(c)
2 Ad)

(d)

(a)
(b)

(c)

(c)
(a)
(a)
(e)

(e)

(£)
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Figure 4-1

Schematic of Memory Contents,
for ¥, Add, Porward. MH is the reference peak
and ML the lighter member of the doublet is being
matched to H,. Points, A, B, C and D are used
for calculating the base line. Points B' and o'
are at the 15% level for each peak. An expanded
diagram of the parabolic approximation is also

shown .,
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Figure 4ﬁ§§

Chopper and 6V Supply ;;%
The &V's are supplied by the 1.5 V battery and o
the network shown. The supply for AV is the
same as that for the visual null methed. The
mechanical chopper is a Guildline B745/4 with
four in&@yanﬁéntly adjustable double pole -

double throw eontaeﬁa.'
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Pigure 4-2b

AV Wave form and Synchronization
AVé is shown reduced by a factor of 25. The AV
signal is shown as an increasing staircase (1),
or decreasing (B). The heavy part of the trace
indicates when the sawtooth modulation is applied

and the ions are collected.
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Figure 4-~3

Comparison of Precision Achieved f;i
There are three histogrammes of precision achleved
on the basis of a single run. That is AM/N/M
where N was the number of runs used to determine
& particular doublet and 8 was the standard

deviation of the wmean for the doublet.
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CHAPTER 5

EXPERIMENTAL ATOMIC MASS DIFFERENCES

Doublet'spacings in thé chloride spectra of
neodymium, holmium, erbium, thulium and ytterbium
are presented. VThey ére compared with other méss
spectroscopic daté and with the 1964 Mass Tablé.'
The values are examinéd for self consistency and

r'd

for possible systematic errors.

Introduction

The determinations presented'here cover the rare earth
‘region from lg?Ho to l;ng, aloﬁg with three doublets in
NdClz. This is part of a research programme to systematically
study the rare-earth nuclides to obtain a'better understanaing
of nuclear binding energies. (See DuckWorth‘gE al (1969) for
a brief, overall survey of.doubleAneutroh.sgparation energies
for-82§N§;26;) Determinations of mass differeﬁces in the
region of the onset of nuclear,déformation;-88§Ni92 have been

lggDy. A more complete picture

presented by Bishop (1969) up to
of atbmic mass differences and energy systematics for 59<8<69
has been given in a pair of pépers, Barber et al (1971b) and
.Meredith et al (1971a). Hereafter, these two papers will be

referred to as Paper II and Paper~III.féspectively. The

5-1
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experimental data in this Chapter extends the above work to
68<%<70, and in addition provides a redetermination of three .

doublets in neodymium.

- New Mass Differences

In most cases reported here, the doublets were of the .

form AX3'5Cl - A_2Y37Cl,_where X and Y may or may not be the
same element. Except for-154Sm - ;54Gd, the rest of the
doublets were of the type AX35Cl2 - A_4Y37C12, While the

latter type of measurement is carried out with the rare-earth
dichloride ions, the first type may be done with either the
'monochloride or dichloride. Often the dichloride ions are pro-
duced more abundantly in the ion éource, and in addition,

- the intensity ratio of X35C12 to X35Cl37Cl is more favoufable.
The chlorine isbtopes differ in mass excess by 2,952 ﬁu so that
mosf of the doublets studied range between 3800 to 6600 ﬂu.
Accordingly, AM/My1/40,000.

The dichloride spectra-of erbium and ytterbium are shown
schematicaliy in Fig.5-la and 5-1b, where the relative abundances
are shown as a percent of the total.. Note that it is a semi-
log scale and that the intensity is poorest at the light.end.
Here AM is smallest, and the relative intensities of the pair
are very badly mis-matched. By fér‘the most difficult doublet
was 168.Yb35C12 -}170Yb35Cl37Cl, where the intensity was 0.05%
to 1.7%, AM/M = 1/63,000 and ytterbium chloride has the

lowest vapour pressure of any of the rare-earth chlorides.
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The twenty-four doublets-preéentéd in this work,éie

vlisted in'Taﬁle 5-I, along»with the code'letter;which will
be used in this chapter. Columns 3 and 4 give the fesults
obtainéd with the computer matching method or the visual null "
method respectively. For comparison, Valués obtained by tﬁis
group at McMaster University, (Macdougall éE al, 1970, and
Whineray et al, 1970), are given in éolumn 5. The 'adopted'
values of column 6 result from a combinatiqn of the values
in columns 3, 4 and 5.

- When two'dr‘more values of the-same‘quantity exist, a

or o is

weighted average is taken, and the larger of.di oxt

nt
used as the error of the weighted average, (see Birge 1932,

and also Appendix A) . 1In addition, there are simple closed
loops: ¥, G, H; I, J, K; L, M, N and V, W, X. 1In these

caseé a least squares adjustment of the loops was carried

out to obtain the adopted values. The values for A, B and

C, marked %, are the result'of an adjustment of eleven mass
differences in neodymium and samarium, measured both here and

at McMaster. (See Paper II, Table I, for all of the raw data.)
The last column contains other compérisons; generally from

the 1964 Mass Table (Mattauch et al, 1965a, b), but also from
the Minnesota (Benson and Johnson 1966) and Russian (Demirkhanov,

1968) groups.

Comparison of Results -

A visual comparison of columns 3,4 and 5 is given in
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Fig. 5-2 a. The solid dots represent 'adopted - McMaster',
with the solid error bar indicating the combined error on
the difference. The open circles represent 'adopted -
Manitoba', and the error bars are broken lines.

Since Ehe errors on the present work are about three
times smaller than those on the McMaster work, they are
weighted about ten times as much in any adjustmeht. As a
result, the adopted values are very similar to the raw Mani-
toba values. This is apparent in looking at the open circles
in Fig. 5-2a. Deviations are small, most less than 1 uu,
all the error bars span the zero line, and the points are
randomly above and below.

In contrast, the 13 solid points representing 'adbpted -
McMaster® are all above the zero line, and only four error
bars cross the zero axis, while one just touches it. The
points corresponding to McMaster values tend to lie too high
by about 5 pu.This suggests that the McMaster doublet deter-

.minations were, on the average, 5 uu smaller than the present
work.

A comparison with Figure 3 of Paper II shows a similar
situation, although it was thought at the time that the data were
insufficient to draw firm conclusions. Now, with these two
sets of data, plus more doublets in hafnium and lutetium
(Southon 1971), there are a total of 25 comparisons to be

analysed. The mean difference 'adopted - McMaster' is 4.6 uu,
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and the standard deviation of the mean is * 1.0 pu. When the
stated errors on the doublet spacings are used to éalculate

the self—consistency}of the results, the expected error on

the difference is also %1.0 ﬁu. Thus the McMaster work
appears to have had the random (or statisfical) errors
correctly assigned.

Now that there is a significant difference between the

adopted values (which are almost the same as the present work)
and the McMaster values, which; if either, are 'correct'?

Paper III provides an extensive comparison'between mass
spectroscopié doublets and nuclear reaétion and decay Q-values.
A set of 30 precisé atQmic mass determinations and about 150
QO-values are combined in a léast.squares adjustment of the
atomic masses in the region 59<%<69. Reference to Table VIII
of Paper III shows that, on the avérage, the mass spectrosCopic
values changé by -0.5 + 0.4 gu., Of the 39 doublets, 7 are
McMaster valués alone. If they are excluded, ﬁhé_average

difference between the adjusted valués and the mass‘spectroscopic

values is +0.04 * 0.31. Again, the mass spectroscopic input to
the adjustment is largely detérmined by the work here at Manitoba.

-Thus we conclude that the new 1m. instrument at the

University of Manitoba has no significant systematic error for
doublets of 2000 to 10,000 wu. Also, it would appear that
there was a small systematic error in the work reported by

Whineray et al (1970) and Macdougall et al (1970) at McMaster.




5-6

Again, for doublets of 3OOQ - 10,000 ﬂu,'their answers
appear on the average to be 4.6 i 1.0 ﬁu too small. Since
this is about the same size as their random errors, it would
be very difficult to detect, especially in the absence of a
detailed comparison with othef accurate data.

For completeness, Fig. 5-2 b presents the comparison
between our 'adopted valués‘ and other work, mainly the 1964
Mass Table. Note that the scale has been changed by a factor
of 10, and that the error bars are much.larger, (from 20 ﬁu
to 160ﬁu). The points corresponding to the 1964 Mass Table
appear to be randomly high and low. As noted in Paper II,
the agreement with Demirkhanov et al (1968) is not good,
while the agreement with the more precise work at the
Univeréity of Minnesota (Benson and Johnson 1966) is very good.

On the basis of these cbmparisons, the present doublets
in neodymium, gadolinium and erbium are in agreementAwith
other precise nuclear reaction and decay Q-values, and the

doublets in thulium and ytterbium are self consistent.
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Figure 5-2a

Comwparison of Results, Manitoba & McHaster
The open cirecles with dashed errors bars represent the
adopted valves of Table 5«1 minuﬁg the raw Manitoba
results, The so0lid dots with soi;d exrror bars are

Adopted-Mciaster,

Figure 5~2b

Comparison of Results with Other Data
Note that the scale has changed by a factor of 10,

See Pable 5-I for the actual data and references,
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CHAPTER 6

LEAST SQUARES ADJUSTMENT OF THE ATOMIC MASSES 68<%<72

The precise atomic mass differences reported in

the previous chapter are combined with existing

nuclear reaction and decay Q-values and atomic

mass data in a least squares adjustment of the

atomic masses. For nuclides in the region

58<#<72 the quantities S

P
p

2n’ Snr Ppr Sppr Sy

» Q(B™) and Q(a) are calculated where possible.

Introduction

In
a series
nuclides
group at
accurate

onset of

(Duckworth et al, 1969) to provide a picture of the variation

of the mass surface between the 82 and 126 neutron shells.
Using the second-order double-focusing mass spectro-

meter (see Paper I, Barber et al, l97la), we have continued

a programme of determining precise atomic mass difference

1964 (Barber et al, 1964, Duckworth et al, 1964)

of precise atomic mass differences involving

in the region NV90 were reported by the research

McMaster University. These data provided an

picture of the mass effect associated with the

nuclear deformation. This work has been extended
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in the rare-earth region. The results for 59<#<69 have
been reported in Paper II (Barber et al, 1971b)and have

been combined with existing nuclear reaction and decay

Q-values in Paper III (Meredith et al, 1971).
In a similar manner, the results of Chapter 5, i.e.
68<%<71, plus doublets for & = 72 (Southon, 1971) are

combined here with a large, but incomplete, body of Q-values.

This allows a comparisbn and evaluation of the data which
derive from different types of exéeriments, allows the
calculation of unknown Q-values and results in Ybest'
values for both measured and calculated Q-values.

Since many atomic mass differences are overdetermined,
we have followed the lead of Mattauch (1960) and his co-
workers, and carried out a least squares adjustment of the

atomic masses for the region 68<%<72.

Details of the Calculation

Method - The general method of least squares has been
extensively described, starting with Gauss, and used recently
by Taylor et al (1970) for evaluation of the fundamental

constants. The method is also presented in Appendix A,

using matrix notation for the final result, and there it
is in a form for convenient solution by a digital computer.
Here, we will simply note that any mass difference, or Q-

value can be expressed as the difference of two masses Mi
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and Mj. Thus the experimental values may be regarded as a

set of N linear combinations of the atomic masses.

I3

ioy AIij =Y I=1,2, ...n and j = 1,2, ...n.

and the coefficients AIj are in general 0 or *+ 1. Each

experimental Y1 has an associated error c&, and to each
s . . 2
observational equation above, we assign a weight wy = l/<& .
n *
We also define a residual, ry = LA M. -y of the N
j=1 I35 I

observational equations, and minimize the sum of the squares
of the residuals, multiplied by the appropriate weight, i.e.
n

the solution is that for which X2 = I erIZ is a minimum.
: I=1

Presentation of Input - In the present work, there are

approximately 60 masses in the region 68<%<72, with a total
of 20 mass spectroscopic differences, 36 B-decays, 33 induéed
reactions, and 3 alpha decays linking the 60 nuclides.

Figure 6-I shows the nuclides in the region, the links
between them, and the label for each mass difference. The
mass spectroscopic links are indicated by lower case letters,

B-decay Q-values by bl’ b2, etc., a-decay Q-values by a a

ll 2/

a, and neutron separation energies by r., Lo etc.
The adopted values of mass spectroscopic differences
are shown in Table 6-I. This differs from Table 5-I in

that the lower % mass differences are not present, and four

®




6-4

doublets in HfCl have been included from Southon (1971).
The anticipated link 'l' is not yet available. Also, the
simple closed loops have not been adjusted as they were in
the previous Chapter, since all the input to the adjustment
of the atomic masses must be linearly independent.

Table 6-II shows the adopted constants needed to
reduce the data in Table 6-I and in subsequent tables to the
required form for ﬁhe adjustment.

The adopted values éf the méss spectroscopic mass
differences are given in Table 6-III in terms of an energy
in keV and the neutron rest mass, n. Also given are the

output values, the residual, r and the gquantity (rI/GI)z,

T
i.e. the contribution of each value to X2.

Nuclear reaction‘Q—values which lead to the deter-
mination of the neutron separation energy are compiled in
Table 6~IV. Where there’is more than one measurement of
the same mass difference, a weighted mean is calculated and
given as the 'input': The error is the larger of Oipt OF

o} as defined by Birge (1932). Again, the residuals,

ext
and contribution to X2 are shown for comparison.

Table 6-V presents B, B+ and e,c, Q-values in a
smiliar manner, and a-decay Q-values are given in Table 6-VI.
This adjustment (Fig. 6-1) overlaps the previous

one of Paper III. See Fig. 6~2 for comparison. All of

erbium is included, as are the few precise data ir holmium.
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Thus, the mass of all erbium isotopes will be re-evaluated,
(and not change significantly), and the re-evaluation of the
mass of thulium isotopes will reflect the precise mass

differences in both erbium and ytterbium. In addition,

172

the mass of Er can now be calculated. At the other

end, the only precise link to tantalum has been used to

calculate the mass of 182Hf

The absoiute masses used are l62Er as calculated in

168

Paper III, and Yb, calculated from the mass spectroscopic

164

doublet of Chapter 5, and the mass of Dy from Paper III.

These two masses are given as mass excesses in Table 6-VII.

Discussion of Input - The closed loops formed by the

mass spectroscopic differences in Table 6-III have already
been shown to be consistent in Chapter 5. Reference to
Table 6-VIII will indicate that they are also consistent
with all the other reaction and decay Q~values. The average
residual, that is, the average amount by which the differ-
ences were adjusted is -0.8%0.7 keV and the contribution to
XZ is 16.1 for 20 values.

In the preliminary adjustment of the differences, the
reaction Q-values of Table 6-IV needed further examination.
First for o6 the average, i.e. 6980 *65 keV had been used.

It was now possible to choose 7072.7t2.0 as the input value

and reject 6890.3%2.0 on the assumption that the ground
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state transition was not observed. Secondly, the value of
777050 for r24 was eliminated on similar grounds. Even after
these modifications, the contribution to x2 was 90.2, very
large for 26 values. It was noted that nearly all of this
came from thé seven data with errors <1.0 keV due to the
presence of very precise (n,y) reactions. These values
were changing by 1.0 to 3.0 keV randomly, but since the input
errors were 0.3 to 0.7 keV, the (rI/UI)2 were 4 to 12 for each.
That is, in spite of their very high weight, these data were
changed considerably more than their quoted errors. A
similaf but much smaller effect was commented on in Paper III.
In this case, a consistency factor (Appendix A) of 1.4
was applied to this set of seven input values. The increased
value of GI is noted in Table 6-IV, and the new contribution
to x2 is 21.2 as in Table 6-VIII.

Of the 36 B-decay Q-values in Table 6-V, only 9 were in
the preliminary overdetermined set. Two of these, b9 and
b29 changed by very large amounts (i.e. (rI/oI)2 >25), and
“were judged inconsistent. They were not used as input to
the final adjustment, but their output values are very similar
to those of the original adjustment.

The o-decay Q-values in Table 6-VI are presented for
completeness. Only one enters the adjustment, and since b29
was not used as input, even as does not form part of the

overdetermined set. The mass of l75Hf is determined solely
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by the values of a, and r This point will be discussed

3 23°
more fully when the figures for separation and pairing

energies are examinéd

At this point it is interesting to lbok at the calibration
between nuclear reaction and decay Q-values as determined by
measuring the energies of particles against to 210Po a-particle

as mentioned in Chapter 2, and by measuring y-ray energies.

A recent paper by Stocker et al (1971) measured the first

24 _
excited state of Mg with inelastic deuteron scattering.

The result using the polonium calibration energy is con-
sistent with the y-ray energy to .5 keV or 0.04%
The position of the mass surface was set for this ad-

justment by using the pfeviously calculated (Paper III)

162Er. Also, the mass difference 168Yb37Cl2 -

Dy35C12_was presented in the previous. Chapter. 1If this is
164D

mass excess for
164
combined with the previously adjusted mass excess for y
l(Paper IIT) and the necessary data in Table 6-II, then the

mass excess of 168Yb can also be used in this adjustment.

Effects at each end of the adjustment have been minimized

by including precise links to holmium and tantalum, but these

do not appear in the output.

Results

The results of the least squares adjustment are pre-

sented in Tables 6-IX, 6-X, 6-XI and 6-XII. The output of the ad-
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justment of Paper III is given in Tables 6-IX and 6-X, while the
similar quantitites for the present adjustment are given in
Tables 6-XI and 6-XII. Where quantities ére missing for erbium
and thulium in the first two Tables, they are given wherever
possible in the second two Tables. Where quantities are not
calcﬁlable‘in the present adjustment, but were in the first,
the second two Tables show the reference 'a'. Errors are to
two significant figures for 1.0 to 4.9 and 10 to 4§, and to
one figure for 5-9 and 50 to 90.

In Tables 6-IX and 6-XI, we give the nucleon separation and

pairing energies calculated from the following definitions:

S, (B:/N) = 2n - [M(%,N) - M(%, N—?)]
s, (&) = n - [M(8,N) - M(%,N-1)]
P (2,N) = -1V 5{s_(&,8) - % [s_(2,8+1) + s_(2,8-1)] )
for even % only.
Syp (BN = 2m, -[ M(8,N) - M(8-2,N)]
s, (2,M) = M, -[ Mm(z,N) - Mz-1,8)]
= (-1)% -3 -
P.P (%,N) (-7 %{s_(5,N) z[sp(z+1,N) + 8, (8-1,10] )

for even N only.




6-9

In Tables 6-X and 6-XII we give the Q-values for B -decays,
a-decays and also the mass excesses in keV and ﬁu. From the
mass excesses any other mass differences may be calculated.

An upper limit for the error on the difference is found by
a rms combination of the errors of the two masses. If the
co-variance matrix were évailable, (see Appendix A), the
error would be smaller if the two masses were correlated.

Double-neutron separation energies (S - All of the

' 2n)
S2n values in TableséIX and-XI are plotted in Figs. 6-3a and

6-3b for even-N and odd-N reSpéctively.

The features of the even-g, éven—N curves (part of
Fig. 6-3a) for NV90 were published earlier (Barber et al, 1964,
Duckworth et al, 1964, Macdougall et al, 1966, and Macdougall
et al, 1970) at which time attention was drawn to the major
discontinuity in slope at N=88, the apparent charge dependence
of the effect, and the suggestion that the slopes for N>92
are similar to those for N<88. The regularity of these even-
even curves for 92<N<126 was subsequently commented on
(Duckworth et al, 1969, Whineray et al, 1970, McLatchie et al,
i970).

Here the addition of the odd-% data in Fig. 6-3a emphasizes
the regularity for N<88 and N>92. Also several points have
been added, extending the.curves for each element. On the

basis of these regularities, the broken lines in Figs. 6-3a

and 3b indicate the probable locations of points with large
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148 152

errors. The values for Gd and "Dy in Fig. 6-3a are

64
correlated in the manner required, and are largely deter-
mined by the Q-value for 146Gd(e.c.)l46Eu. The B-decay

systematics suggest that this value might be 500 keV too

high; i.e. in agreement with our suggested values. 1In

Fig. 6-3b the points for'lggTb and lggTb are correlated in
the required manner for our suggested values, and if the

QO-value for 152Tb (B+)152Gd were too large by n300 keV (as

also indicated by B-decay systematics), the points would
fall as indicated. The SZn value for lggEu is not shown to
avoid confusion due to a large error (V500 keV).

As we have noted previously (Duckworth et al 1969) and
Paper III, the energy of deformation for nuclides with N=90
is relatively small for neodymium, and increases in going to
samarium and gadolinium. Fig. 6-3a suggests that the point
at N=88 for dysprosium is higher than expected, and may
already have a ground state deformation. By N=92 all the
elements seem to behave similarly, and segments of adjacent
curves between any two neutron numbers are almost parallel.
I£ is suggested that the ground state deformation starts
after N=88 and is complete by N=92 for %=60, and the effect
of the distortion at N=90 becomes stronger as % increases,
until Z=66, there is some distortion at N=88.

A similar effect is noticed in Fig. 6-3b, as the line

segments N=87 to 89 become less steep with increasing &.
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By N=91 all nuclides have reached approximately the same
energy of defromation.

Below N=88, the odd-% curves lie equidistant between
the even-% curves (Fig. 6-3a). After N=92} the odd-% curves
are'displaced upwards ®l20 keV relative to the even-% curves.
Thus, nuclei with un-paired protons tend to have a higher
energy of deformation. The effect is almost gone by N=96,
and has disappeared by N=100.

Between N-106 and 108 both the lutetium and hafnium
curves turn upwards slightly, but then from N=108 to 110,

the curve resumes its downward trend.

Single Neutron Separation Energies (Sn) ~ Figs.6-4a and 4b

show the‘variation 6f Sn as a function of neutron number for
even-N and odd-N respeétively. The genérél features have
rbeen commented on before, but we shall note here that for
even-N (Fig.6-4a), the curves for odd-% nuclides lie next

to the even-even curve %-1 fbr N<88, but that with the onset
of deformation the curves separate and are more or leés
equidistant for 92<N<98. That is, neutron-proton pairing is
important before deformation starts_and again for N>100. 1In

Fig.6-4b, below N=88, the odd-% curves lie next to the even-%

curves z+l. This seems to hold through the onset of deformation

and perhaps further. The curve for holmium is the only one that

seems to separate from the curve above it (erbium, #=68).
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That is, for odd-odd nuclides, the neutron-proton pairing

persists well past the region where deformation is established.

Neutron Pairing Energies (Pn) - The plots of Pn vs. N
(Fis. 6-5a,b) are already well known, but there are some
differences from Bishop (1969), Duckworth et al (1969),

Benson and Johnson (1966) and Whineray (1970). The major

feature is the sharp maximum near N=90 for even-N and N=89
for odd-N. Ré-evaluation of the input data (Paper III) has
resulted in the curve for gadolinium moving upwards to lie
close to those for samarium and dysprosium, and the curve
for neodymium definitely lying lower for N=88 to 91. Except
for the behaviour of neodymium, the neutron pairing energy
has little dependence on % through the region of deformation.
After N=92,vthe curves, while still decreasing, split
apart, and as % increases, become less steep. Whineray (1970)

points out that the curve for hafnium is almost flat, but here

Jwe see that it does not appear much different from those of

lower % until N=106. This is due to the choice of r rather

27
than b29 to determine the mass defect of 175Hf. Since r

27
is very recent work (Alenius, 1971), Whineray had no reason

to suspect that b29 might be in error.

Proton Separation Energies (SZp’ Sp) - These are plotted in

Figs. 6-6a,b, - 7a,b. The behaviour of all curves is quite



6-13

regular, and indicates (i) no major errors or discrepancies
in the data, and (ii) regular behaviour of the proton states
while the neutron states are undergoing deformation. The
displacement in Figs. 6-7a and 7b of the odd-% curves towards
Z-1 for even-N and towards %+l for odd-N is more evidence

of neutron-proton pairing.

Proton Pairing Energy (Pp) - When Pp was plotted as a function

ova (as was done for the proton separation energies), no
systematic behaviour was noticeable. (See for example,

Benson and Johnson 1966). However, when Pp is plotted

against N as in Fig.6-8, certain features became apparent. In
the region of spherical nuclei, N<88, the proton pairing
energy is 1.2 - 1.5 MeV. At N=88, there is a sharp decrease
which appears the same for all elements. After the transition
region, there is again a % dependence, and the average pairing

energy is much lower than that for spherical nuclei.
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Table 6-I

Mass Spectroscopic Mass Differences

Code

!

Doublet

AM (pu)

AM (uu)

..... This. Work . McMaster

Ref.

AM (pu)
Adopted

V]

179Hf35cl _177Hf37c1
175Lu35Cl _173Yb37cl
173Yb35cl _171Yb37cl
171Yb35Cl _169Tm37Cl

173Yb25C12_169Tm37C12

169p350] ~167g870]

16 7R35C] ~1651035¢]
169y3501,-1651537¢1,
180[F350c] ~178gF370]
178y£350] ~176yF370]
180gF350) ,-176F37C],
176 F350] —174gFE370]

176Yb35cl._174Yb37cl

;174Yb35Cl _172Yb37cl

'176Yb35C12_172Yb37C12

172yhH350] —~170yhp37¢]
170yp350] —168yp370]
1705y350] ~168p3707]
1683507 —166R.370]

166Er35cl _lskEr37cl

§16‘+Er3 Scl _IGZEr3 7cl

5543,5%0,7
5505,5%3, 2
4835.0+2,1
5061.2%1.7
9896.8%1.2
5111.9%1.0
4678.3%1.1
9790.6+0.6
5796.8+0.8

5237.8%1.1

*¥11033.5%1.8

6655.2%1,0

5429.,2%1,2

12087.9%3.4

4563.9+2.0
3801.1+1.7

6045.4+1.7

4039.9%1.3

3372.5%1.3

5539 %3

5503%4 |

48274

50553

5107%3 -

466613

5797+3

5236 %5

6652%3 -

5420+4

6040+3

502613

5543.3%1.0

5504.5%2.5
4835.2+3.3
5059.7%1.7
9896.8%1,2
5111.4%1.2
4676.8+4.0
9790.6+0.6

5796.8%0.8

5237.7t1.1

11033.5+1.8

6654.7+1.2

5428.7+1.7

12087.9%3.4

4563.9%2.0
3801.14£7.7

6044.1%2.3

5027.3+1.3

4039.9%1.3

3372.5%1.3

*  Southon (1971)
a) Whineray et al

b) Macdougall et al (1970)

(1970)
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TABLE 6-II

Values of Constants

Experimental

3 7Cl" 3 SCl
1.997 048 89
049 7
050 59
049 711
g 1.007 825 055
825 220
825 190
825 029

824 990

825 005

Mass to Energy Conversion
sn(ﬁny

s (1H)

a) Dewdney and Bainbridge,

b) Benson and Johnson,

I+
w'
o
o

1965

1966

c) Stevens and Moreland, 1970

d) Smith, 1971

e) Mattauch et al, 1965a

£)

g)
h)

i)

Adopted

1.99704972 +9u

1.007825035+14u

T

4.0026031
1.0086652

+5 kevf)

0.9314381 T

2224.5 % 0.1 kev?)

6257.4 + 0.1 kevd)

Taylor gEvgi, 1969
Mattauch et al, 1965b
Matsuda and Matsuo, 1968

Katakuse et al, 1970
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TABLE 6-VIII

SUMMARY OF ADJUSTED INPUT DATA>a)
Table Number Average Contribution
No. Nature of Input of Data .rI(keV) . to 2
6-III Mass Spectroscopic 20 - =-0.8 £ 0.7 16.1
Differences
6- IV Sn Q-values 26 - 90.2 D)
+0.9 * 0.9 21.2 c¢)
6- V Q(B) 7 +0.4 £ 2.0 6.6
6~ VI Q(a) 0 - -
6-VII Mass Excess 2 -6.0 $12.0 3.5
a) Only data involved in the overdetermined

b)

c)

set are included.
Preliminary adjustment
Final adjustment, with errors on (n,Y)

measurement of <t 1.5 multiplied by a

consistency factor of 1.4
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649

Pigura 6~1

Chart of the Nuclides 68<E<72
The nmase sp&ctroscépic links of Table 6-3 are shown
in blue, and labelled a,b,C...
ﬁéﬁacay Ce-values: ki, b2,...
s-decay G-values: al, aZ, a3,

Reactions, leading to 89 values: 1, r2,...

Y

The two wasses used as input are underlined in blue.
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Pigure 6-~3a

Double Keutron Separation fnergiles, N-aven
Dashed lines are drawn to follow the systematics.

See text,
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Figure 6~3b

Double Heutron Separation Energiles, i-odd
Dashed lires are drawn;do follow the systematics.

See text.
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Figure é-4a

gingle Neutron Separation Energies, N-even
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Pilgure 6-4b

fingle Neutron fSeparation Energies, H—odd
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Figure 6~5b

Meutron Palring Energies, H-odd
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Pigure 6-6a

Double Proton Separation Energles, H-even
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Pigure 6-6b

fouble Proton gaparatﬁon Energies, #-odd
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Figure é~7a

Single Proton Zeparation knergies, B-even
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Figure 6-7b

gingle Proton Separation Energles, #-odd
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Pigure 6-8

Proten Fairing Energles
These are plotted vy N, rather than 8, and are
defined for even H only. Points for the same

element are joined and & is shown.
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SUMMARY

The second-order double-focusing mass spectrometer has
been used to determine some twenty-six close doublets in the
rare-earth chlorides from & = 62 to 70. These provide con-
}nections between all stable odd-% nuclides and between all
stable even-% ﬁuclides acéurate to a few keV. There are
many overdetermined loops, and the measurements are internally
consistent. There is generally agreement with other precise
mass spectroscopic data from McMaster University and the
University of Minnesota.

A new method of peak.matching has been developed
making use of a 1024 channel signal averager and the University
of Manitoba IBM 3%0/65 computer. The doublet determinations
reported here are as precise as by the previous visual null
method, and are achieved in about one quarter of the time,
employing only one operator rather than two. The matching
precision is 7 x lO_9 since the typical error on each doublet
was not reduced below 1 to 2 pu.
| The new peak matching method also revealed that while
the precision achieved by a single match may be 1 pu, that
changes in the spectrometer operations between matches results
in a set of eight matches, i.e. one run having a spread of
1.5 to 4 pyu, rather than the expected statistical error of

V.3 pyu. Now that such matching precision can be achieved

S-1
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further work is necessary to better understand the behaviour
of the instrument.

The new doublet determinations have been combined with
previous work and with nuclear reaction and decay Q-values
in two overlapping least squares adjustments of the atomic
masses for 59<%<72. This reveals that there are no significant
systematic errors in the mass determinations made with the
new spectrometer. Also, a more detailed and extended and
preciée study of nucleon separation energies can be made.
Included are separation and pairing energies for even-N,
even-% nuclides, as before, and in addition, even-N-odd 3,
and all odd N nuclides as well. The resulting systematics
show in more detail the onset of nuclear deformation, and the
behaviour of neutron-neutron, proton-proton and neutron-

proton pairing energies for 84XN<108.




APPENDIX A

Propagation of Errors and Statistics

(1) ~ General
Suppose we have-é quantity of Q defined as a function

of N variables A t ci,'i =1, 2, ... N where the variables

v, may or may not be independent. Then, the variance of Q

2
is €., given by

. N :
e = (% 30 Oj) (1)
i=1 3v.
i
2 I o N N |
£ = I (3Q ¢.)° + ¢ L 3Q 0. 3Q o.
i=1 Bvi * j=1 i=1 Bvi * ij - (2)

If all the v, are independent, o4 and Gj are equally likely

to be positive or negative and the second term averages to

zero. . (see, for instance, Taylor, Parker and Langenberg
1969).
(2) Weighted Averége

In this caSe, we have a set of measurements xi t Oi’

all of the same quantity, and we wish to compute a 'best

value'. If we assign a weight

5 : .
w; = l/Oi : , | 4 (3)
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to each experimental value, we define a weighted average as

1 3 (4)

It is possible to calculate two different errors for

the mean in this case (Birge 1932).

N
o =/1/( ¢ ). (5)

]_~
int . —_—
& g2

i=1
i

This is equivalent to saying that the weight of the

mean,

N
w = E Wy , . ' (5a)

N Yy 2
b} wi (x, - X)
= 3 (6)

Oext = e

Usually, the larger of the two is used as the final error.

The Birge ratio is defined as R =-Oext/0int‘ ;f R is

significantly greater than unity; one or more values of X5

may be noticeably inconsistent with the rest. It may be

eliminated, a new X and Oint and Ooyt aFe calculated.

(3) Centroid of a Peak (or Distribution)

This is a special case of an average. Let the height
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of the distribution at any'pdint X; be'ni, i=1,2,...I.
I ' E .

The summation convention I =
, SIn.x.
The centroid is = = 11
: : . X Zni

For convenience, let

a = 2in.,x, and b = ¥n.
i i

.. Z is used.

(7)

(8a,b) .

(9)

Now, the only assumption will be that we are dealing with

counting the ions arriving, so that at any position x., the

number of counts n, obey Poisson statistics. That is, the

standard deviation of n; is Yn;, and each ni_is independent

From equations 8a,b agd'using_oi= /ni, we derive

2 _ 2
(ca) = in oy

2

N2
(ob) = Zoi
) 1 _ , (Engx.)?
Thus 2 = TEEETT- I}nixi -+—6§§77__.

Let In, = N,
- i

_ . ZZnixi ‘
Zni'- —H:—_ ZXiinUi] (12)

(1la)

(11b)

(13)




w2 - : g . : (14)
si_ ’ﬁ%'(znixi? +‘£nixi n,x, _.ZZnixi inni)
‘ Zni . ZIn,
i
= g7 Onx.® - a2 o (14a)

Suppose we normalize the peak area and use a set of numbers

£, to describe the peak shape so n, = £.'N . - (15)
2 __ 1 ) 2 __ - o2 - .
: ‘ . — ;’
€= =_'-—l-(2f.x.2 - x?%) * (17)
JIN 13

If the peak shape is roughly Gaussian, or the distribution

can be approximated by the normal distribution, the normal
definition of the standard deviation of the mean gives:

CIn(x, - X)2
e R

2 _ _ '
% T TTRm SO - - .(’18)

‘Again,’letting fi represent the shape of the normalized

peak,
o2 = L (3£, (x. - 32))
N i (19)
This can be changed into.another_familiar‘form for
calculating.v |
=1 2 _ gy % o '
oy = = (Zfixi X )(, ~ _ ‘20?

exactly the same as equation 17.
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(4) ~ Least Squares Solution of Linear Equations

The experimental values for the mass differences,
whether derived from mass spectroscopy or from nuclear
energy determinations, may be regarded as a set of N

measured values, Y_ % O each of which is a linear combi-

I
nation of the n atomic masses, Mj' We may express this for
the IEE measured value in the following way:l)
n
T A_. M, =Y_ to (21)
j=1 I3 3 I I
where I =1,2,..., Nand j = 1,2,...,n and the coefficients

AIj are, in general, either 0 or 1.
This set of N linear equations in the n unknown
atomic masses is overdetermined since N>n, and the method
of least squares is therefore appropriate to the calculation
of best values for the masses (Mattauch, 1960, Bearden and

Thompson 1957, Taylor et al, 1970).

To each of the observational equations (21) a weight

wp = O,12 (22)
91 ‘
is assigned. Also we define a residual, Loy for each of
the N observational equations (21), viz.,
n *
r.= LA_. M, -Y (23)
I7 44T I

* :
where the Mj are the desired adjusted masses. The desired

least squares solution of the N linear equations (21) for

l)Lower case subscripts go from 1 to n, and capital subscripts

go from 1 to N.
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the n unknown masses is that which minimizes the sum of
the weighted squares of the residuals: i.e.,

N
x% = 3 erlz (24)
I=1

is a minimum.
Differentiation of this sum with respect to each

*
of the n variables Mj leads to the "normal equations":

"9 N
oM., * (2 w.r
J =1

where j = 1,2...,n. These n equations may then be solved

=0 (25)

uniquely for the n values Mj*.
‘Each of these n equations (25) may be combined with

(23) to yield the result

N N n
L w.A_.Y, = % w.A_, I A_ M *
=5 3 133 1= T I) gy IKK
n N (26)
= I L wA_A__ M *
k=1 TI=1 I'Ij Ik k
for each j = 1,2,...,n.
Equation (26) may be written in matrix form by
defining
N
G = lg5} where g,y = IilwIAIjAIk (27)
» N
D=1{d., } whered, = £ w_A_.Y. (28)
e J J =1 * 1373
= *
M {Mk } (?9)
so that

GM = D (30)
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Here we note that G is a square nxn, symmetric matrix.

Thus the desired solution is

M=c1p (31)
— '\M -

where
¢t = (v, .} (32)
AAA lj B

is the inverse of 'G.
The error associated with a particular adjusted mass,

Mj*, is taken to be

€. VYV, .
J JJ.
The elements vij involve only the coefficients AIj

and the weights w.. In each case the & corresponds to the

(33)

I

O int defined by Birge (1932).

For a certain mass difference (Q-value) Mi*—Mj* the

error is

€. . =+Vv.. +v.. = 2v.. (34)
i,3 ii 7 Y55 ij |

The generalized Birge ratio which is defined

(Taylor et al 1970) as

/;2— (35)

£

(where f is the number of degrees of freedom) may be calcu-
lated for the adjustment and compared with its expected
‘value,

1 £/ 1 (36)
2f .

If the Birge ratio is significantly larger than its expected

value, the input data must be examined for inconsistencies.
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The generalized Birge ratio (equation 35) is sometimes
known as the 'consistency factor' (C.F.). That is, if all
ihput errors GI were multiplied by the C.F., and the adjustment
were re-calculated, all the adjusted values would remain un-
changed, the new EJ would bg the same as the o0ld ones, now
multiplied by C.F. and the new Birge ratio would be unity.
However, this method increases the errors on all the input
data, even if most of them are consistent.

Sometimes, a group of data may be identified as causing
a large contribution to X2, and the consistency of this group
may be evaluated. It may occur that the errors quoted on this
sub set of measurements are slightly too small fdr overall
consistency, and that multiplying the input errors of this
group only by an appropriate consistency factor will result
in the new adjustment having a generalized Birge ratio near
unityf |

In other cases, a single datum or a few isolated data
may be identified as grossly inconsistent. These data may
then be evalﬁated. Since there is no way of determining a
consistency factor for an isolated value, it is difficult to
arbitrarily increase the error, and so the value may be

eliminated from the adjustment.




Solution by Computer

If the equations 26 through 30 are examined, it

may be seen that G ;'{gjk} may be written

G = (1/0a7) (1/0n) (31)
and that . D = {dj} may be written
D = (1/0a7) (1/0y) (32)

Thus, if the Nxn matrix A is set up, to describe the system

of equations, and with weights (l/GeI)2 then the final

equations to be solved are
(1/0)a (1/0)a M = (1/0)AT (1/0)y (33)

(l/c)é?(l/c)é\is to be inverted
1

and the matrix

= G "D as before

G
M
This premultiplication by’(l/c)é?(l/c) on both sides of the
non-square matrix equation is an easy computer operation.

(l/o)é?(l/o)éuis a square nxn matrix, and (1/0) multiplied

in twice supplies appropriate weights.

An interesting comment is supplied by Cohen (1971), who

derives the same matrix equation without even talking about
‘least-squares' and 'quadratic forms', and minimizing anything.
Starting with the idea that the best estimates is the mean,

and generalizing to a weighted mean and then to a multi-

variable linear system, he derives the desired result by
demanding the invariance of the solution either to the basis
vectors of the variable space or to the form in which the

observational data may be expressed.
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(5) ~Least Squares Fitting of a Straight Line

The method outlined above could easily be applied to
the fitting of a straight line

ao + alxI

= Yqr I=1,2,...N.

Here N is the number of pairs of points and the unknown
guantities to be solved for are a, and aj - If N>2 the pro-
blem is overdetermined, and we want a least squares solution.
The matrix method of sec 4 is cumbersome, so we look for other
methods. There are many versions of the standard formula
available, most of them assuming no errors in either Xy OF Y.

However, implicit in the formulation is that x. are correct,

I
and all the variation is due to Yi- This is discussed by
York (1966), and methods are reviewed for explicitly

handling errors in either x. or in Y- He also suggests a

I

way to include errors in both x. and Yp-

I
A much better solution is provided by Williamson (1968).
The major difficulty is that when there are errors in both

coordinates, the expression for the weight of each point (wI),

the quantity a, appears.

wI(xI,yI) = l/(l/cY2 + alz/cxz)
The way out is to use an iterative technique. If we first use
a; = 0, and solve the normal equations, the solution corresponds
to that for no error in X;- Then, using this first-approxi-
mation for ajr the equations are solved again.} The process

is repeated as often as required.
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The computer programme developed here differs from
Williamson (1968) in three ways: (i) the initial guess for
the slope is always zero, (ii) there is a built in limit to
the number of iterations, and (iii) the iteration ceases
when the change in ay from one stage to the next is signi-

ficantly smaller than the error in aj -
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APPENDIX B

TATLS ON PEAKS

(1) Possible Causes

If a beam of ions passes through a smooth, parallel
object slit and the subsequent focused image 1is modulated
linearly across a collector slit of the same width as the
image, the resulting peak shape is triangular. Tails may be
caused by (i) image aberrations, (ii) gas scattering (elastic
or inelastic), or (iii) slit irregularities. Since our mass
spectrometer is second-order double focusing, with very small
measured coefficients (Barber et al, 1971) factor (i) will be
neglected although the aberrations probably contribute slightly
to the tails.

In considering gas scattering by residual molecules
along the ion péth, we will consider elastic only scattering,
since inelastic events will likely not be brought to focus
near the peak. The case for atoms of mass “200 scattered
elastically in air at ~30 keV energy has been studied by
Menat (1964) in an isotope separator. In our case, the
scattering angle is very small since.the collector slit is

V21 wide, and most scattering takes place 1 to 3 m away, i.e.
3] &10—6-radians; Thus we are well below the classicial limit of

B-1
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6_ v A/2m aozl/3 n1072
for a simple Rutherford scattering by a Coulomb potential
(Everhart et al 1955). Thus we must use the quantum
mechanical Born approximation.

Schiff (1949) presents the Born approximation for
scattering by a screened Coulomb potential when the equations
are integrated to find the fraction of the total beam
scattered one peak width to the side, the answer is about 10*6,
and constant over the region we are considering. The magni—
tude of this result may be wrong by a factor of *10 since it
is based on differential scattering cross-sections and
effective screening lengths measured at much larger angles
of "blO"3 radians. Classical solutions lead to very large
cross sections at small angles, increasing to infinity as
6 goes to zero. Thus the result of Reudenauer (1970) 1is
entirely fortuitus when applied to our instrument. His
curves are not valid below AM/M " 10_3, but extrapolation to
AM/M 10"5 produces a scattered fraction of 2%. This is
about the size of the tails one slit width away from the
centre of the peak, but the gquantum mechanical approach re-
quired here leads to too small a cross section for gas scatter-
ing at lO—8 to lO_7 Torr. to be considered as the major cause
of the tails.

The most likely cause of tails is irregularity in
the slit jaws, especially the principal slit which is sub-

jected to ion currents of ~v1-10 pa.
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If there are irregularities (mainly widenings due
to wear) of the order of .lﬁ, the peak width would be
broadened by 2% at a resolving power of 100,000. If these
irregularities amount to a few percent of the total usable
height of the slit (¢20Fnin 1 mm height) then the height of
the peak at the nominal edge will be increased by a few
pefcént.

Previous tool steel slits could be ground very smooth
and gave excellent resolution for a few days, but deteriorated
over a few weeks to the point where they had to be replaced.
The current tantalum slits do not achieve as high an initial
sharpness, but maintain reasonable performance (i.e. tails
of a few percent at one peak width from the centre) for several

months.

(2) Effects on Peak Separation

The overlap of tails has the effect of reducing the
apparent peak separation. This is true for visual matching,
the visual null method, or computer matching. However, it is
likely that the operator compensates to some extent in the
first two methods. The computer cannot do this, and a specific
method must be used to eliminate the effects of the tails.
We have followed the genéral lead of Stevens and Moreland
(1968) and have used only the part of the peak lying 15% or

more of the peak height above the base line.
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The effect on the separation of two peaks as they
are moved together is shown-in Fig. B~-1l. A singlet was
recorded at a typical operating resolution (¢l/100,000). The
computer then constructed a well resolved doublet by dupli-
cating the peak a known distance away. Then the regular
programme proceeded and the separation was calculated. The
difference between the nominal sepatation and the calculated
sepa;ation is plotted vs. the separation of the peaks for
cuf off levels of 3%, 6%, 9% and 15%.

The effect is much more noticeable if the two peaks
are not the same intensity. In general, the intensity ratios
are 2:1 to 5:1 and Occasionally as bad as 30:1. 1In these
cases, the tail of the larger peak makes a significant
contribution to the nearer side of tﬁe smaller peak. For
the bias to be .0002 peak widths or less, with a separation
of 1.5 to 2.0 peak widfhs, a 15% cut-off level was chosen.

The effect on the doubletsreported in Chapter 4 are
shown in Fig.B-2. The change of the doublet spacing
from its known value is plotted vs. various cut-off levels.

Notice the effects of the different intensity ratios.
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