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Scope and Contents:

The primary objective of this work has been the
measurement of mass doublets having a greater spacing than
those previously measured by this group, i.e. doublets for
which (aM/M > 1/17,000). Instrumental modifications are
described, and the present experimental limitations for
precise measurements is discussed.

With thé system developed, measurements were made to
improve the knowledge of the 1 - 3%ﬂ.mass difference, and

to correlate the ends of a long chain of mass differences
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measured in this and previous work, viz. by linking lutetium
and neodymium nuclides. |

Some narrow mass differences are reported, and a new
type of computer - assisted matching system is discussed.

Previous mass measurements carried out in this
laboratory have been corrected for the systematic errors
discovered in this work and a new adjustment carried out.

Our knowledge of syétematic variations of the double
neutron separation energy (Sﬂl) for lO4§ N 112 has been

extended and is discussed herein.
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CHAPTER 1

INTRODUCTION

Mass spectroscopy started early this century with
Thomsons's analysis of positive rays by the parabola method
(Th07) . Since then, the field has steadily progressed with
the achievment, in atomic mass determinations, of
approximately an order of magnitude improvment in precision
for each decade (fig. F1-1).

Thomson provided the first evidence of isotopic
structure of matter with his work on neon. Although he‘ used
instruments with both photographic and electrical detection
(Th13), the terms 'mass spectrometer' and 'mass spectro-
graph' are normally reserved* for the later deflection
instruments such as those built by Dempster (Del18) and Aston
(As19). During the twenties, instruments which were capable

*According to Aston (As#2 p38), the term ‘'mass
spectrograph' applies only to those apparatus capable of
producing a focussed spectrum of lines on a photographic
plate, and not to the parabola method. The term 'mass

spectrometer' applies to an instrument where the ions are
focussed on a fixed slit, and are detected electrically.
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of resolving powers of several hundred were available and,
with these, the three objectives of isotope identification,
natural abundance measurement and mass measurement were

pursued (As27, As33). Most of the prominent isotopes were

identified, and the masses of many of these measured, from

which an outline ‘'packing fraction'.cﬁrve was formed.

A greater specialisation in mass measurement occurred
in the thirties with the development of a second generation
of mass_spectrographs with improved ion optics (sect. 2.1) -
instruments capable of achieving resolving powers up to
30,000 (Jo40). Mass spectroscopy was used to determine the
masses of important nuclides (referred usually to organic
molecules) and nuclear reaction data filled in the finer
details (Du57).

In the fifties, ﬁhe theory of ion optics was furfher
improved (sect. 2.2), and a number of very large instruments
were constructed, some of which used photographic detection
(Og57, Ev57), while others used electrical detection (Du57,
Co57, St60). Resolving powers in excess of 100,000 were
obtained. The successive developménts of peak matching
(sect. 2.3), signal averaging (sect. 4.1), and computer-
assiéted matching (sect. 4.2) have contributed fo the

continued advance in the precision attained with these




instruments. Following a pafallel but separate development,v
r, £f. mass spectrometers have also made an important
contribution to these studieé (sect. 2.4). More detailed
accounts of the historical development of mass spectroscopy
have been written by a number of authors (e.g. Asd42, De58,
CWi72).

Apart from the elucidation of chemical atomic weights‘
provided early in .this century, mass spectroscopy has
contributed to our knowledge of the nature of nutleaf
structure. Mass spectroscopic data on the details of the
 systematic variation Qf nuélear mass as a function of N and
Z have become competitive with reaction data, and mﬁch
ugeful information has been revealedvby the separation vand
pairing energies derived (Du69, Me72). Unfortunately, ﬁhe
theory has not been able to keep up with progress‘ in mass
measurements, so - that the difference between mass laws and
| experimental values is currently of the order of 0.5 milli
mass units (Se72), or about 100- times the measurement
errors. .

The  measurement of atomic masses requires some
convenient standard on which to base the values. Aston
éhose‘ % as a reference (As33, plé65) when it was discovered

that oxygen had more than one stable nuclide. However - the



small but significant difference between the physical

( lbo

Il

experimental necessity to rely on carbon as a substandard,

and the difficulty in conparing the masses of carbon and

oxygen (Va57), finally motivated a transfer from the 'O

standard to the nC standard (nC = 12 units) in 1960.
Although mass spectroscopy 1is capable of comparing
atomic masses with a precision as high as a part in one
billion.in some cases (Sm71), the masses cannot be expressed
in absolute mass wunits to this precision. Unlike the
absolute 1length and time standards which are now based on
atomic scale phenomena, the basic mass standard remains the
platinum-iridium 1Kgm. Hence the present uncertainty of 6.6
parts per miliion in Avogadro's number (Ta70) limits our
knowledge of atomic masses in terms of the absolute mass

standard.

16 units) and chemical (O = 16 units) mass scales, the



CHAPTER 2

PRINCIPLES OF MASS SPECTROSCOPY

2.1 DOUBLE FOCUSSING

In high resolution mass spectroscopy the deflection of
a beam of charged particles by a combination of electric and
magnetic fields 1is wused to separate particles having
different mass to charge ratios (m/e). The beam of Zions
enters the instrument, is separated into its mass components
by the electric and magnetic fields, and is focussed on a
photographic plate or an exit slit. The radial electrostatic
and uniform magnetic fields both possess the properties of
direction fécussing as well as characteristic dispersion
properties - the electric field produces energy dispersidn,
and the magnetic field momentum dispersion.

The focussing properties of electrostatic and magnetic
fields have been appreciated since.the early days of mass
spectroscopy. In particular, the direction focussing
characteristic of the 180 degree magnetic field_ was used

early (Cl07), and later constituted the basis of Dempster's



instrument (Del18). Aston also was aware of the direction

focussing properties of the electrostatic analyser and

sector magnetic fields (AS19), although his instrument
relied primarily on slit collimation for control of angular
spread. However he wused the counteracting energy and
momentum dispersions of electric and magnetic fields to
acheive velocity fécussing in his first mass spectrograph.

The focussihg theory for radial electrostatic analy-
sers was further developed by Hughes and Rojansky (Hu29),
Smythe (Sm34)‘and others, and that for magnetic analysers by
Barber (Ba33), Stephehs‘ (St34) and others. Finally Herzog
(He3l) presented a general analysié of the focussing
properties of cylindrical electrostatic analysers, and of
uniform magnetic analysers and gave equations from which the
focussing propertieu could be calculated.

Although the ©possibility of combining both direction
and velocity focussing (double focussing) was considered by
Dempster in 1922 (De22), it was not until the development of
the general focussing theory by Herzog thét double focussing
was achieved. Shortly thereafter ihstruments possessing
double focussing (at one point) were built by Dempster
(De35) and Bainbridge (Ba36), while Mattauch (Ma36), on the

basis of an analysis of the genetal double focussing



COﬁditions, designed a mass spectrograph that acheived
double focussing over the whole photographic plate.

The principle of the attainmént of mass dispersion
without velocity dispersion may be described as follows. We
define the trajectory of an ion of mass m whose veloéity is

v to be the optic axis, and describe specific ions of mass

0

m and velocity v- in ~terms of the dimensionless variables

(vy,B), viz.,

It

m m0(1 + v)

v = V0(1 + B) . i (2-1)
To first order, we can describe the lateral displacement of
the ions from the optic axis at the detector by

be = kely + 28) (2-2)
where bg results'_ from the energy.vdispersLon of thé
electrostatic analyser. Similarly in a.-ﬁagnetic field the
corresponding displacement due to momentum dispersion would
be

by = kply +8) .  (2-3)
For a tandem arrangement of electric and magnetic fields we
combine these two dispersions to get a resultant dispersion

b = by + bp = (kg + kp)y + (Zke + kp)e . (2-4)
If the instrument is designed so that

kp = —2Kg (2-5)




then the velocity dispersion is zero (i.e. there is velocity
focussing), but the mass dispersion is given by
b = (—ke)y = %kpy . (2-6)
2.2 SECOND AND HIGHER ORDER ANALYSIS
The focussing equations of Herzég (He3l) were derived
from a calculation which involved a first order
approximation in the half angular spread of the beam at the
object ( o ) and in the velocity spread, g. The lateral
displacement of the beam, after passing' through a tandem
combination of electrostatic analyser and magnetic analyéer,
can be expressed more exactly by the equation
b =r (B a+ B,8 + Bj,a? + B aB + B, 82 +
" higher order terms in a,g + terms in a,) (2-7)
where:
b is the lateral position of an ion with respect to
the optic axis at the exit slit.
a is the’angular deviation of the ion from the mean
path in the median plane,

a, is the angular deviation perpendicular to the

median plane,

and B is the proportional velocity deviation as defined

in equin 2-1.




The B coefficients express the focussing properties of the

instrument. Thus first order direction focussing is
acheived if B1= 0, and velocity focussing if 'B2 = 0. The
coefficients B11’ Bu’ gn express the second order focussing

properties.

Second order focussing was first considered by Aston
(As22a), although only for velocity (i.e. B22 = 0). He
attempted to obtain it in his second instrument (As27) and
acheived it in his third (As42, p103). Much later Johnson
and Nier (Jo53) described a second order angle analysis
(setting B,, = 0) whic£ beéame the basis of the highv
reséiutioh instruments at the University of Minnesotév
(Ni51,N157). Other larger' ingtruments having similar
focussing characteristics were also constructed at ’Harvafd
(C057) and Argbnne  (St60).. A more dgeneral second ordér”
analysis was considered by Ewald and Hiﬂtenberger in 1953
A{Ew53) " and developed over the following six years. AssumingA
abrﬁpt field boﬁndaries, Hintenberger »and Konig analysed
»medién plane trajectories (Hi55; ,Hi57;‘ K057,.K0585, and
proposed a wide range of instrument geometries which produée
- double focussing to Second order (Hi55, 'Hi59). Ewald and
Liebl have included trajectories off the median plane in

their analysis (Ew57, Li57, Li57a, Li59). Subsequent studies

10



have extended the work to include the effects of fringing
fields (Wo65, Ma71a), and to perform second order three‘
dimensional analysis (Wo65a). Some third order analysis has
also been carried out (Mé71).

Hintenberger et al. were the first to attempt the
construction of an instrument on the basis of a complete
second order analysis (Hi59). However computational errors
(Hi59, p31) resulted in an instrument which had second order
angle focussing only (B, = B, = B,, = 0). Subsequently Barber
et al. built the instrument used in the work reported here
on the basis of one of the later designs of Hintenberger and
Konig (sect. 3.1). This instrument is now called +the
Manitoba II Mass Spectrometer.

"Analysis of non-uniform magnetic fields, particularly
the 1/r fields between conical pole faces (Ta59, Ta60, Rub6)
led to the construction by Matsuda et al. of a 'very large
dispersion' mass spectrometer (Ma66a) with a resélving power
up to 500,000. Magnetic fields of the 1/r form do not
produce direction focussing and thus allow large angles of
deflection and hence increased dispersion. Unfortunately the
complete second order focussing, which was anticipated on
the basis of design calculations, was not échieved

experimentally (Ma70).

11



Burrell has recently carried out a ray tracing
analysis of the Manitoba II instrument wusing the measured
magneéic fringing field (Bu72). His results differ
significantly from those predicted by theoretical analysis,
and are closer to the experienc:d behaviour of the
instrument. Other work also indicates that ‘the theory of

fringing fields has not been properly understood (Ma70a).

2.3 MEASUREMENT OF ATOMIC MASS DIFFERENCES

Bleakney (B136) (Appendix) has shown that, as a
consequence of the Lorentz force equation, two ions of
different mass will follow identical ‘paths through a
combination of electric and magnetic fields provided the

following conditions are obeyed at all points:

elEl ellE"

R = " " (2~8a)
elBl eIIBII

P = Tpv (2-8b)

where K',K; are the respective kinetic energies
B',P" are the respective Momenta
E',E" are the respective Electric Fields
B',B" are the respective Magnetic Fields

e',e" are the respective charges.

12



If a constant magnetic field, B, is maintained, then
for identical trajectories
P'/e' = P"/e" . (2-9)
Condition 2-8a, then, converts to
E'M E"M"
e T T ' (2-10)
or, where these electric fields result from potentials V',
V" applied to electrodes, and are proportional to the
potentials, then |
AL v"M" |
e T e . (2-11)
These conditions thus apply +to all of the electric fields
encountered by the ion travelling along the given
trajéctory.
All the early instruments wused this equation to

measure some mnmass differences (De18, As20, As22, Co25,

Ba33a). . The improvement of mass spectrographs in the
thirties, however, permitted the resolution of close
doublets, and determination of atomic mass relied

predominantly on the knowledge. of instrumental mass
dispersions derived from larger mass differences. The mass
spectrometer was reintroduced by Nier (Ni51) who applied

eqn. 2-11 to close doublets in the following form (assuming

13



identical charge):

MN - Ml _ Vl — V"
M7 v" (2-12)

more gengrally known as

M/M = AV/V . (2-13)
Thus a small mass difference betwéen two ions can be
determined to a much greater precision than the mass of
eithef of the ions is known.

Shortly after its construction, Nier's instrument was
converted to peak matching (Gi54), a system which was
originally used by Smith on his mass synchrometer (Ni57),
and is now almost universally employed in mass measurement
‘with deflection instruments. The most wusual form of the
ﬁechnique uses a small linear (sawtooth) modulation field
.synchronised with the horizontal sweep of an oscilloscope tb
deflect the beam and sweep a small portion of the spectrum
across the exit slit. The beam passing through the fine slit
is detected by an electron multiplier and a fast amplifier
whose voltage output controls the vertical position of the
oscilliscope spot. A portion of the spectrum is thus
displayed on the screen, with ions of different masseé
grouped in successive 'peaks.'

If, after a 3weep which displays a spectrum with peak

14



M' on the screen, all the voltages generating electrostatic
fields are switched in accordance with egqn. 2-12, then on
the sﬁbsequent sweep the peak of mass M" will appear on the
screen at the same position. Conversely, peak coincidence
can be used as a test that eqn. 2-12 is satisfied.

In an ideal double focussing 'instrument, the ‘only
potential influencing the peak position is the electrostatic
analyser potential Vé, SO we éan rewrite egn. 2-13 as

AM = M AV /Vg . S (2-14)
Hence a method of determining mass differenées in terms of
electric potentials is derived. The éxperiment thus involves
tWo ﬁajor features: fhe determination uof._peak éoincidence
(see Chapter #4) and the measurement of electric fields
encountered by the ion béam.

In a real instrument, however, impérfections may need
to be taken iﬁto account. A crucial factor is the effect of
ahy departure from egn. 2-12 for any particular potential,
and the interactions between the different discrepancies. If
we express, to first order, the change in position (dP;) of
fhe final peak position produced by the change in a
particular voltage dV; in terms of a constant k,

dpP; = k;dv, k2-15)

then any error dV; in the voltage difference V' - V" owill

15




produce an error 1in the peak position ap,., If the
determination of peak position, or ';matching', is done
withiﬁ an error of ch, then the condition for the error‘dv1
in the switching of voltage V; is

dvy << dP/ky . | (2-16)

If egn. 2-16 is not satisfied, then the final peak
coincidence must be achieved by coﬁpensating errors in
another voltage V, given by

av, = -dv, kl/k2 « (2-17)
v, will, most probably, be the électrostatic analyser
potential Var aﬁd thus errors in the mass measuremenf' as
célculated from equation (2-14) will result. Corrective
calculation can sémetimes be carried out (sect. 5.5).

A few points should be noted hefé:

1. The acceleration potential Va must be adjusted
to ensure that condition 2-12 is obeyed as closely as
possible so that the ions do traverse the same paths.

2. The mass spectrometer must be focussed and
tested to ensure that velocity focussing conditions exist
(i.e. the corresponding constant in equn. 2-15, ka, is
small).

3. There must not be any electric field in the

path of the ions that is not switched according to eqn. 2-12

16



within the limits of egn. 2-16.

b. All electric fields influencing the ion bean,
especially the electrostatic analyser field, must be
proportional to the voltages applied (see Ch 5).

5. As the width of the doublet measured increases,\
the requirements on voltage switching'generally become more
stringent (see sect. 4.3).

6. Magnetic fields must remain constant, except
for the .magnetic sweep which must be identical for both
ions.

7. Equation 2-14 may be put into two forms:

AM/M'

AVS/VS" (2-18)

or AM/MY = AV IV (2-19)
If M' is the lighter mass, then Vo' will be the higher
voltage. Equation 2-18 then expresses a situation where AV g

is added on to the denominator (Vo") and egn. 2-19 where Ave
is subtracted from thie denominator (Ve').'These present tWo
possible forms of measurement, called "add" form aﬁd
"éubtract" form. The same Vg is actually wused for both’
forms, producing slightly different AVg's for the same mass
difference measurement:

AM

M'AVz3a/ Ve : (2-20)

AM

M"AVSub/Ve (2_21)

17



Section 4.2 describes the use of the two férms and
section 5.4 the use of the formula. |
8. It has been considered likely by several
investigators. (5e66, Re70, Ke7l), that particular prqblems
are involved in the comparison. of ions consisting of
different atomic fragments arising from the difference in

the ions! initial velocities in the source. This factor has

been taken into consideration in sections'S.u, 6.1 and 6.2.

."Z.vll RADIO FREQUENCY MASS SPECTROSCOPRPY

| Significant contributions have been made at an early
stage to atomic mass determination by a vatiety of radio
frequency - experiments, notablf the omegatron (So51), the
microwave spectrometer (Ge57), and the mass‘ synchrometers.

The first two types, however, have not generally remained

competitive in precision, in contrast with the last series

of instruments, designed by Smith and based on the cyclotron

frequency of ions in a circular orbit in a magnetic field

(Sm51, Sm56, Smé67, Sm71) . His most recent 'R.F. mass

spectrometer' (Sm67, Sm71) has achieved a resoiving power of
100,000. The primary advantage of this system is the
precision with which frequencies can be compared, viz., a

few parts in’ 10!%,, A 1large number of fundamental

18



measurements have been made with the R. F. spectrometer
(Sm71, Sm72) (sect. 4.3). 1It is not, however, completely
devoid of the problems associated with voltage measuring
instruments (sect. 5.1).

A somewhat different instrument by Luxon and Rich
(Lu72) involves measuring the cyclotron frequency of
particles trapped within a magnetic well. Preliminary
results have been reported, and possible improvements in the
techniqﬁe have been proposed, but the results are not yet

competitive in precision.

19



CHAPTER 3

THE MANITOBA SECOND ORDER DOUBLE FOCUSSING INSTRUMENT

3.1 INSTRUMENT GEOMETRY

The geometry of the instrument used here (fig. F3-1)
is one of a number of geometries calculated by Hintenberger
and Konig (Hi57, Hi59) which produce complete second order-
double focussing. This particular one was chosen since it
possessed all of the following desirable features:

1. An intermediate direction focus which allows
independent control by an intermediate slit of the energy
range which can be transmitted by the instrument (see also
sect. 5.1).

2. A compact design in which the path 1length is
short for the dispersion produced. The relatively small
overall dimensions reduce the vacuum requirements, and
permit easier protection from vibration.

3. Straight magnetic analyser boundaries, which
are easier to construct and to adjust for fringiné field

effects.
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4. An overall magnification of 0.5, which permits
less stringent requirements on the enﬁrance slit quality
than on that for the exit slit. The entrance slit guality
gradually deteriorates as a result of sputtering under ion
bombardment. This effect is negligible for the exit slit.

A convenient size was obtained by setting the
electrostatic analyser radius at 1 metre, and thereby
determining the other parameters as given in fig. F3-1. The
path length between principle and exit slits is 4.95 metres,
and the dispersion is .53AM/M metres. Ibn groups differing
in mass by 1/100,000 will be 5.3 microns apart at the éxit

slit.

3.2 INSTRUMENT CONSTRUCTION

The geometry of the instrument used.in this work is
shown in figure F3-1, and a photograph is presented as
figure F3-2. The details of the electrostatic and magnetic
analysers, slits, vacuum system and mounting have been
described elsewhere (Ba67, Ba71, Bi69, Me71). We note here
that significant features of the instrument are:

(a) low background pressure and a relatively

oil-free main chamber,

(b) a high degree of uniformity in the magnetic
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FIGURE F3-2

PHOTOGRAPH OF THE

MANTTOBA IT MASS SPECTROMETER
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field,

(c) isolation of the instrument from building
vibrations,

(d) high uniformity in the z-direction (at a given
r) for radial electrostatic field, and small tolerances in |
the gap, and

(e) second order focussing (seut. 2.2).

3.3 ION SOURCES

The source is an ion bombardment type with a basic
design similar to that given by Finkelstein as described by
von Ardenne (Vo62). It has been described previously (Bi69,
Me71, Ba71) and is shown in a slightly.modified form in fig.
F3-3. Different ovens were used to provide suitable gas
pressures of the different samples. For the rare earth
chlorides a strongly heated tantalum oven was required as
described by Meredith (Me71). For héfnium chloride it was
necessary to warm the oven only slightly, and introduce
carbon tetrachloride through a leak valve. The reaction
between CCl, vapour and Hf vapour in the plasma compensated
for the loss of chlorine through dissociation of the hafnium
chloride when initially heated.

Figure F3-4 shows the end view of the source and
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indicates the power supplies used. Note that the high
voltage is connected directly to the ovén to give optimum
definition to the ion potential, while the body of the
source is used as an electron rebeller behind the filiament,
The source is normally operated with a filiament
- voltage between —1COV and -300V wiﬁh respect to the oven,
with the repeller voltage somewhat higher. The rhenium
filiament is .052 x 1.3 mm in cross section and is heated by
a current of 7-10A d.c. Under certain conditions a plasma
could be generated in the oven, but this was not the most
common mode of operation. |
The energy spread of the ions prodﬁced by this type of
‘source can be 1less than one volt, although the range
observed in this work was up to 20 volts and occasionally

higher.

3.4 FOCUSSING AND STEERING

In previous work an electrostatic quadrupole lens was
used both to focus the ion beam from the source to a line
image at the principle slit and to centre it on the slit by
offsetting the potentials on opposite electrodes .(Wh66,
Bi69). The voltages applied (Vq) were not switched since the

appropriate switching voltage (up to 20mV in 700V) was
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.sufficiently small that the error introduced in this way was
negligible. (Under normal focussing conditions the
quadrupoles have very little influence on the peak position
(i.e. the corresponding constant in egn. 2-15, kq’ is
small). For the wide doublets studied in this work, the

- required changes in the voltages were much larger (0.2V for

measured doublets and up to 14V fof calibration doublets)
and could no longer be ignored (Sect. 5.1). As it was
difficult to achieve reliable voltage switching with the
complex circuit which controlled the quadrupole potentials,
the lens was redesigned with separate steering and focussing
electrodes (fig. F3-5, F3-§6).

The> supply circuit (fig. 3377) used an emitter
follower system fo remove the dependence of the voltage stép
(AVq) on fhe network resistance. A six digit voltmeter
(Hewlett Packard 3406A) was used to calibrate the circuit
within the | limits previously .tolerated (20mv) . The
calibration has been stable for about two years, and was
found to be wunaffected by transistor replacements or
temperature change. Checks were made on the influence of
temperature changes on the transistors, on the linearity of
the resistor network, and on the variation of the ratio

AVq/Vq with Vq. Time constants for the voltage changes were
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FIG. F3-6 FOCUSSING AND STEERING ELECTRODES
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- below 50 microseconds.

3.5 ELECTROSTATIC ANALYSER SUPPLY SYSTEM

The system that applies and measures the voltage to
the plates of the electrostatic analeer was designed and
- built by Bishop and Barber and is described in detail (Bi69,
Ba71). Fig. F3-8 shows the circuit after some recent
modifications.

The analyser voltage (Ve) is applied to the plates by
a set of 97.2V mercury batteries and the small stepping
voltage (AVe) from a separate source (sect 4.l8) is appiied
to Ry, such that it is added +to or . subtracted froﬁ Ve.
Measurements - are made by a potentiometer system consisting
of a 2.5 megohm chaih of precision resistors (Ry-Ry) and a 7
decade 100 kilohm Kelvin - Varley divider (VDR). The
potentiometer is driven by a 100V power supply wusing as a
reference a separate 97.2V mercury battery. The potential of
each mercury battery in the Ve supély can be measured by
comparing it against the potential between points a and b
(fig. 3-8) and AV, can be measured by balancing it against
the potential between points a and d.

The resistor chain components can be accurately

compared with the VDR total resistance by means of a
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wheetstone bridge. The following independent calibration
methods are available: |

(a) a comparison of each of R, through R; with the
VDR; followed by a comparison of each of R, through R, with
the sum of R, through R, and

(b) a comparison of the parallel combination of Ry
through R, in parallel with the series combination of R,
through R; with the VDR.. |

| These two calibration techniques are ~regularly in

clbse agreement (less than 1ppm).

The remaining feafure in the calibration of the
potentiometer is the establishment of the linearity of the
VDR. This is done by the comparison of many ratios with a
subsidiary chain of resistors (DMR) (see Bi69).

On the basis of the chain to VDR resistance ratio
calibration and the linearity check on the VDR, the desired-
voltage ratio (Ave/Ve) can be established with a precision
of 0.5x10™° 4V, and 0.5x10” v_.

The divider has been calibrated a number of times, and
the results are shown in table T3~1. The correction factors
relating the individual sections of the chain show similar
variations. Thus changes significant to ﬁhe measurement of

(AVe/Ve) occur primarily in the VDR. Moreover there is no
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POTENTIOMETER CALIBRATION FACTOR

TABLE T3~

1

DATE

Oct 1968

Dec 1968

July 1970

June 1971
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CALIBRATION FACTOR

(ppm)
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10.0
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evidence of switch resistance contributing to the error.

The most crucial mass measurements were undertaken
during the first six months of 1971. The calibration
correction over this period was obtained by a linear
interpolation between the last two figures of table T3-1,
and a 3ppm error on the correction wés estimated. This made
a significant contribution to the final error (see sect.
6.1).

Tests were made on the way in which the measurement
of AVe (0-12V) was affected by moving the point at which the
potentiometér was grounded. Variations up to 30 uv were
detected with associated time constants of about 2 minutes.
These variations were found to be associated with leakage in
the power supply for the potentiometer. A redesigned power
supply with a specially constructed isolation transformer
(fig. ¥3-9) overcame this problem. The isolation resist-
ance of the potentiometer circuit was thus improved to over
10" ohmg, ‘and the 60 cycle interference was reduced to
100uv.

Although ten batteries may be used to supply Ve as
indicated in fig F3—8, only eight actually were used (as in
previous work (Bi70)), so that the .electrostatic analyser

voltage was 778V. In addition, each of the single Eveready
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E-302462 97.2V Dbatteries was replaced by twelve Mallory
TR-136R 8.1V batteries in order to take advantage of
cheaper replacement and faster supply. Stability in Ve
during a day's operation was better than 50,V and day to day
changes were seldom above 1mV.
Other modifications made to the potentiometer system
ére the following:
(a) Switch C was changed to allow access to the
end of resistor R,, so that the measurable range for AV, was
extend to 19.5V and ratios of AVy/V, measurable were

extended to 1/40.

(b) The positibns of the switches and fuses in the

battery chain were moved to avoid introduction of thermal
effects in the measurement of AV,. Spurious voltages up to
20uV had been measured.

(c) A sﬁall voltage supply_wés added to one of the
batteries (see fig. F3-8) to permit the adjustment of the
voltage of the positive analyser plate and thus to apply Vg

to the analyser symmetrically about ground.
3.6 BASIC ELECTRONICS

Magnet Supply

The power supply for the magnetic analyser provides up
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to 60 amps at 40 volts. High stability is required to
prevent movement of the peaks during measurement, and the
resulting artificial broadening of the peak as it is
accumulated in the signal averager.

A small fractional change in the magnetic field
strength (4AB/B) will produce a shift in the peak position
equivalent to that produced by a change of mass AM/M. These
are related (appendix, eqn. A-12) by the equation:

AM/M = 2AB/B . ‘ (3-1)
Therefore the fractional variations in the magnetic field
must be half those éemissable in the equivalent fractional
mass shift, which is a small fraction of the resolution
required. Sfability approaching 1/(5x106) in several minutés
was achieved ﬁsing two parallel control systems (fig.

F3-10):

(a) A D.C. control for long term stability. The

difference potential between a reference voltage and the
voltage developea by a .122 ohm shunt is amplified by over
106 » and controls a transistor pass bank.

(b) An A.C. control for short term stability. The
voltage generated by current . fluctuations over the
inductance of the magnet windings is integrated with a time

constant of 0.15 seconds, amplified by approx. 10° and
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combined with the D.C. control of the transistor pass bank.

Magnetic Sweep.

The magnetic sweep for the spectrum display (sect 2.2)

is provided by Helmholtz coils mounted immediately after the

- magnetic analyser (fig. F3-1) and the'power supply is shown
in figure F3-11. The requirements for fﬁe éweep signal are:
| 1. synchronisation with the oscilloscope and with
the signal averager,
2. linearity of the ramp, and
3. reproducibility on successive sweeps.

The sawtoéth control signal is ‘derived from the
horizontal sweep output of thei oscilloscope which is
synchronised with the signal averager as described in sect.
4.4,

VSufficient linearity of tﬁe ramp ‘and reproducibility

on successive éweeps was attained by:

(a) wuse of a current defining amplifier for
current in the Helmholtz coils,

(b) careful regﬁlation of the sawtooth amplifier
power supply, and

(c) reduction of the influence of variation in
dead times between successive sweeps by selecting relatively

long dead times (fig. Fl-6).
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High Voltage Supply and Control.

The source potential (Vg4) is suéplied by a Universal
Voltronics Model BRE 20-2, 30 kilovolt, 2 milliamp, variable
voltage supply, having a short term stability of better than
0.5 volts. The various power supplies for the source, and
- the circuit wused to add AVq  to the source voltage, are
contained in an insulated cabinet with a common connection
at the source potential V, (usually 20KV).

The AV, system had to be improved to provide the
required stability and control for the measurement of the
wide mass doublet. AVy was derived from a Kepco ABC—QZS,
425volt proqrémmable power supply (fig. F3-12), which was
controlled by a pair of ten turn potentiometers. The
stability of AV4 was 2mV, and the resolution in adjustment
was 10mV. Two alternate controls were provided, and certain
fixed voltages could be selected‘and added to AV, to allow
for a check on the velocity focussing at any time (sect.
4.3). The system was protected against high voltage
breakdown in the source by a spark gap and neon bulbs. The
voltage was switched by a non-shorting reed relay driven by
a neon-photocell coupling link which transmittedlthe signal
into the insulated cabinet. Phasing details are given in

section U4.4. The switched wave form had a slight oscillation
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with a decay constant of approx. 0.1 milliseconds.

A block diagram of the power supplies for the high

voltage system is given in fig. F3-4.
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CHAPTER 4

PEAKX MATCHING

4.0 INTRODUCTION

Section 2.3 describes how comparison of ion masses can
be obtained by determining the coincidénce of ion peaks on
an oscilloscope display. This chapter describes the deter-
mination of peak coincidence conditions. Two methodg were
used: visual matching as a quick, médium precisioh method
for wide calibration.doublets (6/Mn1077) , and the computer -

assisted method for high precision measurements.

4.1 VISUAL MATCHING

Although Smith originated the visual matching
technique, the first published description of it was given
by +the Minnesota group in the early fifties (Gi54). The
matching was done by displacing alternate traces on an
oscilloscope screen, and lining up the peaks, one abqve the
other. Improvements have since been made in the

determination of the matched condition by splitting one of
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the peak forms (Sm56, Mo6l), or differentiating the wave
forms (0g67). A related, but much more precise system using
a lock-in amplifier was developed by Bainbridge and Dewdney
(Ba67a) .

The "visual null" matching system used here employs a
' digital signal averager on line to determine the difference
between the peak forms. This technique, which was first used
by Benson and Johnson in 1965 (Be65, Be66), and soon after
by  Macdougall (Ma66) and others (ste67, Ba67) is of
comparable precision to that of the method using the lock-in
amplifier, |

The electron multiplier output signal which appears on
the oscilloscope display (sect. 2.2) is also sent to the
signal averagef.. The oscilloscope and the signal averager
sweeps are synchronised. The signal averager memory is
switched alternately'from the add mode to the subtract mode,
so0 that one peak is added into the»memory, while the other
is subtracted. The memory contents, which are continuously
displayed, show the difference between the peak forms as the
results of a large number of scans are accumulated. The
amplitudes and relative positions of  the two peaks are
adjusted so that the difference wave form is a completely

symmetric noise pattern, indicating that the peaks are in
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coincidence. A more detailed description of this technique
is given by Bishop (Bi69). Section 5.5 describes the use of
these measurements in this work, and section 4.4 the

electrical circuits used.

4.2 COMPUTER - ASSISTED MATCHING
The matched condition may be determined by finding the
degree of ~mismatch for several different nearly - matched
conditions which bracket the matched configuration. Aston
(As22) and Costa (Co25) used this method, referred to as the
"method of bracketing", in which two close determinations
were taken simultaneously on a photographic plate. Several
recent investigators also have - .taken a number of
determinations in sequence using differenf techniques (St67,
Ke70, Ma70). Kayser (Ka72) has incorporated the basic method
with a system of "peak unfolding"™, i.e. the separation of
unresolved peaks.
| The system wused here for the earlier measurements,
which comprise the majority of the 'chlorine measurements
(sect. 6.1), hae been described by Meredith (Me71, Me73).
Three different closely-matched conditions are obtained in
effect simultaneously. A cycle of four different sweeps is

made about ten times per second, each sweep having a
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different potential added to the electrostatic analyser
potential as shown in fig. F4~1. When the original circuit
was used voltage stability problems were experienced with
the larger AV, values required in the wider mass difference
measurements. These problems were eliminated by altering the
sequence of potentials as shown in figures Fl4-1, F4-2. The
modified system was used for the remainder of the
measurements. The veiue of ¢V is typically around 200V, and
| the shift about 1/50 of a peak width.

The signal averager cycles in phase-rwith the 1linear
ramp of the sawtooth described ebove. The memory of the
signal averager is divided into four "quadrants" in which
are stored the four separate spectra correspondlng to the
four ~different analyser potentlals. When sufficient
informat’on is stored in the signal averager, it is recorded
on magnetic tape, and, together with the appropriate voltage
readings (taken manually at the time of the measurement), is
analysed off line by an IBM 360/65 computer to determine the
- matched condltlons.

The circuit that provides the appropriate voltages to
the electrostatic analyser is described in section 4.3, the
computer analysis in section 4.4, and the error analyeis in

section 5.6.
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In a manner which is similar to previous visual or
computer matchingbdone by this group, the matches are taken
in sets.of eight, called a "run", where each match consists
of a different permutation of the sign of all unsymmetric
switchable functions. In this case they are the following:

1. Polarity‘of AVe (add/sub). This changes the
roles of the two peaks (see sect..2.3). ‘

2. Polarity of sV (noimal/backwards)

3. Direction of the current in'the magnetic sweep
coils (foreward/reverse). This changes the direction of the
sweep of the beam across the exit slit.

Figure #4-2 shows the sequenceé of vbltages addéd'to
the electrostatic analyser (AVg) and the acceleration‘
voltage (4AVy). | |

The result; of these matches are combined in order to
compensate for systematic errors that may derive from these
factors.

The procedure for a complete run is as follows:

1. The &V voltages are applied across the battery
chain resistors R, (fig. F3-8) énd measured with the
potentiometer. The actual voltages applied in quadrants two
and four for boﬁh the normal and the backwards modes afe

measured to allow for differences in thermal effects -and
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resistance values. A measurement is also taken in quadrant
three (no potential applied) to check for any zero error in
the potentiometer.

2, Eight matches are made, one for each
permutation described above. For each match the signals are
'.accumulated for up to about three minutes, or until the
averager memory is full, and then the memory is recorded on
magnetic tape. A measurement is made of AVe, the signal
averager memory zeroed and the next match taken.,

,3' 6V measurements are repeated as in 1. above. If
there are any changes in the &V readings before and after
the run (usually 1less than 1 microvolt), an average is
calculated, and applied to the whole run.

There are several possible €rror sources which are
cancelled out by the sequence of matching configurations
used and these have been considered in detail by Meredith
(Me71). Comparisons were made between the average result
for each matching configﬁration and the final overall
average value determined for the mass doublet. Although
there wefe some quite marked differences within results for
a given doublet, the pattern was not consistent with that
for results of other doublets. For example, a significant

add/sub difference occurring in the chlorine measurements
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was reversed for the Nd - Iu measurements.

4.3 MATCHING CONTROL SYSTEMS
Analyser Stepping for Visual Matching.

This system (fig. F4-3) is a modified version of the
- system described by Bishop (Bi69). The chopper is installed
within the temperature controlled box of the electrostatic
analyser supply system and AVe is applied directly +to the
battery chain resistors, while the d.c. supply is mounted
outside. The system is controlled by the  same Guildline
9742A, Upole, low thermal E.M.F. chopper, driven by a
synchronous motor through an O-ring and pulley drive. This
drive arrangement results in a Yeasonably stable chopper
frequency that is not a harmonic of the mains frequency. A
sense circuit has .been introduced to provide for the new
large AVy supply system (see later this section), leaving
two poles. in . parallel to switch the AVé4signal. Precautions
have been taken to reduce resistance due to spark wear by
setting one of the +two contacts to open first ahd close
last, thus protecting it from sparking. As before, dummy
resistors have been provided to present the same load to the
supply in both on and off positions. Bistable mércury

switches replaced toggle switches for on/off and reversing
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functions. The mercury contacts give a consistent
resistance, and are operated by very short pulses ( ~ 5ms)

which produce a negligible heating effect.

Analyser Stepping for Computer - Assisted Matching.
Two circuits have been used in these measurements as
described in section 4.2. The first was described by

Meredith (Me71) while the second is shown in fig. F4-4, The

system sits outside, but close to, the temperature 

controlled box of the electrostatic analyser supply sjstém.

AVe and 6V (sect. U4.2) are generated and aﬁplied
independently to the 1load resistors Ré (fig. FU4-3). An
external decade potentiometer driven by a 1lead acid
accumulator provéd to be adequate as a AVe supply for the

voltage range used (<0.3V). The dutput terminals of the

chopper are connected to the AV, terminals of the

potentiometer box (fig. F4~3). The chopper for the "visual

null" method must-be left in the "on" position. The signal
then can be switched and reversed by using the "visual null"
matching controls.

The 6V supply is a low impedance chain whose output is
supplied to the battery chain through the direct terminals

shown in fig. F4-3. The range of 8V is 10 - 500 uV, and the
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normal operating region is 200,V. Although some variation of
thermal effects due to temperature change may be detected,
the supply is sufficiently stable for reliable results

during normal running (<1uV variation).

' Trigger System.

A block diagram of the trigger control circuit is
shown in fig. F4-5, and the wave forms are shown in fig.
F4-6. The following points should be noted:

1. The chopper triggers the signal averager. In
computer matching, external circuitry stops the signal
averager between quadrants.

2. The oscilloscope is triggered by the fourth
binary on the signal averager address register, i.e. the
eighth channel. of each quadrant. This ensures that the
oscilloscope, which provides the signal to drive the beam
sweep, is always in phase with the signal averager memoryQ
The trigger signal has a 50 nanosecond rise time to reduce
errors in triggering.

3. The subsidiary control signals (acceleration
and quadrupole potential switching) are switched immediately
after the oscilloscope sweep finishes ‘to provide maximum

delay time for the voltages to stabilise. The switching is
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triggered by the oscilloscope sweep flyback, and the
switched state is determined by the A signal state at that
time (fig. Fi4-5),.
4. The beam-blanking control (sect. 5.5) can be
activated during the oscilloscope dead time.
Figure F4-7 shows the overall céntrol system for the

~instrument.

Large AVe Supply

This was developed initially to supply a highly
stabilized voltage of up to 10 volts into_a load of 400 ohms
as required forv_pfecise wide doublet measurements (sect;
5.1). The supply was subsequently modified and retained for
use in supplying the large AVg (up to 16V) required for the
calibration doublets (fig. F4-8).

A reference voltage is obtainéa from a decade box
driven by an 18V lead acid battery. The last decade of the
potentiometer was replaced by a helipot mounted for
convenience near the operator to provide fine control. The
power supply follows this reference voltage by comparing it
with the "sense" signal derived from the 400 ohm load-
resistor, In +this way, the voltage across the load is

accurately referred to the reference voltage, and is
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independent of any changes 1in resistance in the supply
cables or switches. The sense signal is chopped so as to be

compatable with the supplied voltage (fig. F4-3).

4.4 COMPUTER ANALYSIS

Apart from the spectrum subtraction used for wvisual
matching (sect. 4.1), several variations of digital analysis
have been used to improve peak matching (Stevens (5t67),
Kaiser (Ka72), and Meredith (Me71, Me73)). In the computer
_ matching analysis used extensively by this group, Meredith
calculates peak di;placements from the peak centroids’ using
an IBM 360/65 computer off line. An alternate system of
comparing peak positions was used here. which was inspired by
Stevens' system and is similar, in principle, to the "visual
null" matching system (sect. b.1). It is based on the
subtraction of two peaks, one being modified by appropriate
displacements'énd height ratio.

The data collection system in which four peaks are
accumulated in the four quadrants of the signal averager
memory is described in section 4.2. Figure F4-9 illustrates
the method of peak comparison. Shown are the two peaks V](x)
and V,(x), each stored as a sequence of 256 numbers. Peak

limits, Xis X5, in each quadrant are defined identically for
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Vg'(X)

V3 (x} = Vi{x) — F x V, (x-D) (4-1)
Vi (x) = vgx) — VT ' (4-2)
VI = average of v} (x)

X X X :

T Ivut - Evio o+ Sy (4-3)
X X, X,
X X

Lo fwm - ){V:,(x) (4-4)

(xq=l)x; - %), Xy = Xe ™ Xq 4 X, 3 X + Xq ) (4-5)

FIG. F4-9 COMPUTER MATCHING SCHEME
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all quadrants in a particular match. These can be specified
either for each match individually, or generally for all
matches in a xrun. An approximate baseline is obtained by
averaging three points about X, and three points about X
for both peaks, and peak centroids and areas are calculated
with respect to these baselines. From.this calculation three
things are derived: the centroid of the first peak Xe which
provides a centre for the subsequent analysis; the
separation between the two centroids which gives an
approximate displacement D; and the ratio of the areas which
gives an approximaté height ratio F. The peak V, is shifted
the distance D, ﬁultiplied by the factor F and subtracted

from V,. A linear interpolation is taken between adjacent

points of V2 to permit fractional displacements. The .

resulting waveform (V3') is then centred vertically around .

zero (egn. 4§-2), aﬁd F and D are adjusted'to obtain a "null"
difference signal i.e. V3 (x) averages to a straight 1line.
Firstly, F is adjusted to make Ty = 0 (egn. 4-3) and then D
is adjusted to make T, = 0 (egqn. 4-y4), If the second
adjustmeﬁt requires more than a 0.3 channel shift in D, then
F and D are readjusted. The final value of D represents the

relative peak position.

By this method, the position of the peak in the first
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quadrant is compared with the position of the peaks in the

other three quadrants. The results are then combined with

corresponding voltage readings made at the time of the

measurements. A linear relationship is assumed between the
analyser voltage and the peak position over the very small
span used, (Me69), and the appropriaté matching potential is

determined by an unweighted straight line fit:

L (V. -V)(p, -D) _
Ve =V - 12 — D (4-6)
¥ (D, = D)2

1 1

where V, D, are the aﬁerége of the vy énd'Di respectively.
These results are analysed as described in section 5.6.

bThe advantage of this system is that it does not rely
critically on establishing an accurate baseline. The peak
could be adjusted to occupy the entire spectrum, so that
more efficienf use of the avaliable ions is made. When this
is done, it is no longer hecessary to define the peak
position for each match. In addition, the region of analysis
can be constricted to reduce the effects of poor resolution.

A fairly extensive investigation was carried out on the

influence of the width of the analysis region on the result-

of a set of runs. On some doublets there was a significant

effect, and it was found necessary to set the limits of the
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Yegion roughly equivalent to the 15% cut-off used by
Meredith (Me71).

Comparison between this matching technique and that
used by Meredith on the same data show that although the
distribution of results within a match is very similar, the
analysis used here leads to results fér different runs which

are more consistent with each other (table T6-5) .
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CHAPTER 5

WIDE DOUBLET MEASUREMENTS AND ERRORS

5.1 WIDE DOUBLETS
In section 2.3 we discussed the relationships that
must hold between all voltages in a mass spectrometer in
order that two groups of ions will travel the same path,
viz.,
AM/M = AV/V . ' (5-1)
The determination of a mass difference from this
equation requires that
(a) the instrument be adjusted +o the matched
condition, and ’
(b) the ratio of AV/V so established be measured
to sufficient precision.
In the measurement of narrow mass differences, one may
define the "precision" of the instrument to be
€e; = o/M (5-2)
where o is the "absolute" error in the measurement. e, has a

lower 1limit principally determined by the resolution of the
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instrument and the intensity of the ion current (Me73), as
long as effects from other factors such as voltage
measurement sensitivity, and thermal potentials are
sufficiently small. For narrow doublets of the type studied
to date, these other factors have indeed been small, and
values of £, have been in the region of 2x10-9.

When doublets of greater width are studied, problems
are encountered . in producing stable voltages and in
measurihg them, as well as with proportional errors as
discussed in this chapter. The effect of these factors tends
to set a lower limit to the ratio

&, = o/aM (5-3)
Typical values of g, have been in the region of 107° (table
T5-1).

The measurement of doublets having a large relative
mass difference (AM/M) played a prominent part in early mass
spectroscopic work (As27). However, in the thirties and
fourties, as a result of the problems in evaluating the
instrumental dispersion from a photographic plate (i.e.
placing a limit on 82)’ the emphasis shifted to narrow mass
doublets. The increased accuracy of electrical measurement
available for use with the mass spectrometers of the fifties

and sixties subsequently allowed the width of mass
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measurements to be increased while high precision was
maintained.

These latter measurements achieved varying degrees of
success. Table T5-1 shows the significant measurements since
1957. Generally the best measurement in any pager is cited,

and both e, and €,, as well as any applied correction, are

1
given.

It was initially hoped that measurements with the
Manitoba IT instrument could be made for doublets where
(AV/V) was approaching the 1limit that the potentiometer
(sect. 3.5) was then capable of measuring (AM/M ~ 1/70), and
that the precision previously obtained (g, 2.5xldw) could
be preserved. The problems which will' be discussed in
section 5.3 below severely limitedAthe range of measurements
for which this precision was possible. For these and other
reasons {(ch 6), measurements were made .for AM/M ~ 1/3,000
(e, ~ 6ppm), calibrated against a knowﬁ wide doublet (sect.
5.5). The calibratior for the measurement of the chlorine
mass difference (sect. 6.1) required that the limit of the
doublet width measurable be extended to AM v~ M/50. The
requirement on the calibration measﬁrement precision
was ¢ <10 or €, <6ppm.

There were four main areas of concern in measuring
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YEAR LAB,

1957 Min.
1958 Pri.

1959 Min.
1966 Min,
i967 Arg.
1968 Min.
1970 Arg.
1970 Har.
1970 Osa.
1971 Har.

1971 Pri.

1972 Min.

Present

TABLE T5-1

PRECISION OF WIDE MASS MEASUREMENTS

REF.

Qub7

Sm58

Beb9
Be66
St67
Hu68
St70
Ke70
Na70
Re71

Sm71

Ka72

Arg.
Har.
Min.
Osa.
Pri.

MEASUREMENTS

WIDTH. APPL,

(M/aM )

C,H,~ CO 777
H calibration (2+10ppm)

"B; H, - S0, 410

(ppm)

1/DBLT. CORR. ¢ /AM o/M

8

(considerable inconsistency in results)

H calibration(3+3ppm) 104

|38Ba _136Ba 69
CoHyy = C H, 1400
“Fe 1 - *re Y1 93
CoH, - C, H “cl, 630
¢, "o BN - "re 2200
C,H - Co 780
238U "'235U 80
CoHy, - C, H 1500
C, H, - cH,¥c1 *c1 560
3 %0 - c,H, 180

(some inconsistencies)

¢ *cip, - ¢ *tig, 3300

¥0~-50

401
20%2
36+5

30+2

20+3

30-160

= Argonne National Laboratory.

~ Harvard University.

- University of Minnesota

~ University of Osaka.
= Princeton University.
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(ppm) %10
22 1.8
10
12 3

3 3
1.5 i 2
4 .27
1.4 1.5
4 0.7
4 0.5
7 0.9
3.2 4
1.0 0.06
0.6 0.1
2.2 0.6
6 0.17




these wide doublets.

1. Electrostatic analyser voltages (Ve)
The stability requirement in Ve was increased to 1lmV (in
800V), a figure which was easily achieved by the Mallofy TR
136-R mercury batteries (sect. 3.5). The AV, supplies had"
to provide wup to 0.3V with a stability of about 1uV for
doublets studied in this work, and up to 16V w;th a
stability of 80 uVv for the calibration doublets. These.
supplies are described in section 4.3. Because calibration
méss measurements were used (sect. 5.5)_the measurement of
Ve was no longer critical, but high precision was reguired
in the comparison of the large voitage step, AV., for the
calibration doublet to the smaller voltage steps, Azi , for
the doublet under study (sect. 5.6).

2. Acceleration voltages (V)

The effect of errors in the amount that the
acceleration voltage was switched (AV4) was somewhat unpre-
dictable since the corresponding factor in egn. 2-15, kg
depended on the extent +o which velocify focussing was
actually achieved at the time the measufement was taken. AVy
could easily be measured to 0.0l1V with a differential
voltmeter but the method of determining the appropria£e AV4

depended on the type of measurement being made. When
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narrower doublets (other than the calibration doublets) in
which the ions are chemically identical were matched, AVg4
could be calculated from an approximate V4 Vvalue, 1In other
situations, however, two problems presented themselves.

a. It was difficult  to measure Vg
sufficiently precisely for the wide calibration doublets.

b. Usually the difference in initial ion
energies of chemically dissimilar ion fragments was not
known (sect. 2. ).

~When calibration doublets, or doublets involving
dissimilar ions were being compared, AVy was adjusted by the
following procedure: the instrument was set up for a wvisual
match between the two ions to be measured, with an
approximately correct AVg,. The electrostatic analyser
switching potential (AVe) was adjusted for a match, and the
height ratio controls were set for equal heights. Vg was
then decreased wuntil only the high energy ions passed
through the energy slit and AV was adjusted until the peaks
disappeared simultaneously as Vg was further decreased. Va
was then increased for maximum peak height, and +the ratio
controls reset for balance. This routine may be repeated
several times to get consistent results. The low energy side

of the spectrum was seldom used in the adjustment of AVq
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because there was often a significant tail on this side of
the energy distribution.

The velocity focussing was set particularly closely.
A AVy of 5 or 10 volts was applied and a peak matched to
itself. Similarly, at any stage during matching, a voltage
could be added to AVy to check the error in the velocity
focussing. Finally, the energy slits were set so as to
restrict the energy spread of the ion passing through the
slit to a few volts.

Since the direction and magnitude of any error in the
result arising from a particular error in setting AV, varied
from day to day with the exact state of velocity focussing,
these errors would be rather random over the period of a
mass measurement. Therefore the accumulated effect in a set
of runs wculd not change the mean value but rather increase
the size of the statiéfical error,

3. Focussing and steering voltages (Vq)
The effect of these voltages, as with the acceleration
voltages, changed very much with focussing conditions. In
brevious measurements (Bi69) they were not switched, since
it was determined that the small voltage required (less than
. 04V) would not influence the measurements. In this work,

0.02Vv was taken as the smallest required tolerance for
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precision switching, and potentiometers were set from
previous calibrations (sect. 3.4). The instrument was
adjusted so that any variation of the steering and focussing.
controls | produced no perceptible change in the peak
position. |
4. Surface charge effects
The presence of charges residing on surfaces may give rise
to electric fields which deflect the beam but which, in
general, are not switched according to egqn. 5-1.  These are

considered further in section 5.4.

5.2 HISTORY OF INSTRUMENT ERRORS

Aston (As27) detected consistent deviations from the
predicted behaviour in his first instrument, and an error of
several parts in a thousand in matching by coincidence in
his second instrument. The latter error was reduced +to
5x10~" by plating the electrostatic analyser with gold, but
a correction had to be applied to most of his measurements.
This error was due to the large ionic and neutral flux that
sfruck the electrostatic analyser plates, depositing
insulating layers and building up chargés. - Later
instruments have been designed so as to avoid the

possibility of ion beams striking the electrostatic analyser
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(Ba36). The existence of this type of error in mass
spectrographs has not generally been of major concern
because small mass differences are measured simultaneously
with a direct measurement of the dispersion. This charging
process has, however, caused some difficulty with line shape’
(De35). Recently the problem has reappeafed in expe:iments
involving wide doublet measurements with the current
generation of mass spectrometers (table TS;l).

The Minnesota measurements, which have been except~
ionally free from errors, have been calibrated against the
direct determination of the hydrogen mass between
hydrocarbon fragments (CnHmH - C,H,). A small correction
factor of -3#2 ppm was applied in 1963 (Ri64). Subsequently
an error of up to +60 ppm was measured (Be65) , but this was
reduced to -0.5%t1.0 ppm by cleaniné and baking the
electrostatic analyser plates. More recently (Hu70), there
has been evidence of errors up to 10ppm on single mass unit
measurements, in spite of concurrent correct values for the
hydrogen mass measureﬁents. It was thought that the source
of the discrepancy might possibly lie in differential ion
energies (see sect. 2.3). Recently the source diffusion
(0il) pump was replaced by an ion pump. Thereafter the

correction required has reduced slowly to zero (Jo73).
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The Harvard instrument has also suffered an error of
-103+8 ppm (De65). Kerr (priv. comm;) later experienced
errors that increased linearly with the time of beam passage
through the electrostatic analyser. The error was reduced
and stabilized to 20-30ppm with an error of 2ppm  after the
electrostatic analyser plates were coated with aquadag
(colloidal graphite) (Ke70, Ke7l).

Stephens and Moreland at Argonne, aftexr coating the
electrostatic analyser with aquadag, meesured an error of
$0-50ppm which was stable over a day within several ppm, and
tended to assume several distinct values (St67, St70). |

Nakabushi et. al. (Na70) repotted a systematic error
of +36+5ppm while Matsuda et. al. experienced inconsis-
tencies, but no apparent systematic error (Ma70).

Smith's mass synchrometer suffered from unresolved
inconsistencies (Sm58), and a number of compensations had to
be applied to his R. F. mass spectrometer (Sm71). He
cancelled .out errors by applying small unswitched voltages
to his acceleration potential, electrostatic analyser
potentials, and to the inner jaw of the phase defining slit.
The basis for most of these adjustments has not been
described. Errors were assigned for the adjustment of the

potential applied to the phase defining slit, and have made
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major contributions to the final error associated with some
of his measurements.

For the doublets measured previously by this group
both at McMaster (e.g. Ma70b, Mc7b, Wh70) and Manitoba
(Me71, Ba72 ) the width has been sufficiently small so that
proportional errors hereto have'_not been coﬁsidered
significant. However it is possible that a consistent
difference between Manitoba and McMaster results (Ba72.)
could be attributable to a systematic error of -790ppm in
the McMaster instrument or to errors in both instrqments
which lead to a differential error of this amount. Recent
measurements with this instrument (now +the Manitoba I
instrument) by Williams and Barnard, however, indicate a
positive error. A negative error has been shown to be
significant in recent mass differences measured with the
Manitoba II instrument (see sect. 6.4). However the
combined magnitude of these corrections as they currently
exist is much sméller than the amount required for

concordance.
5.3 LOCATION OF THE ERROR SOURCE

A systematic error of about -200ppm was first

encountered on the Manitoba II mass spectrometer when mass
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differences of one and two mass units were measured among
rare earth chlorides. Initial tests involved determining the
dependence of the error on different factors, including:

1. All source variables.

2.  Acceleration potential (V) and switching

potential (Avy).

3. Quadrupole potentials (Vq) and switching
potentials (Avq).

4. Removal of grounding connections on test
electrodes along the beam path.

5. Restriction of the beqm angle, energy spread,
and height distributions into different narrow regions by
means of the appropriate slits.

6. Switching of the "repeller" potential on the
source. |

Although some of these factors appeared to have a
small and often somewhat unpredictable influence on the
error, none had any strong influence on it.

The magnetic analyser was then investigated, since
there was the possibility that the error arose from surface
potentials caused by ion bombardment of the side of the
analyser beam tube. The following tests were undertakén.

l. The N, - CO doublet was measured. Here the
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distribution of rejected ions around the magnet beam would
be radically different to that for the rare earth chlorides,

2. Mass differences were measured with a pure
mercury source. In this case impurity ion currents would be
much reduced.

3. The magnet tube was degassed.

4. A Wien filter was installed between the source
and the quadrupole lehs to remove spurious ions. The filter,
which consisted of a permanent magnet assembly acting across
the horizontal steering plates, had.a mass resolving power
(M/AM) of ~2, | |

5. A stainless steel line: was installed inside
the vacuum chambef of the magneﬁ along both walls to cover
..insulating deposits that might have been accumulated, and
thus present a fresh surface to the ioﬁ beam.

Here again, there: were no consistent changes in the
error when the different tests were attempted.

The next region to be studied was the electrostatic
analyser,. The cover was remo&ed and the electrode surfaces
were cleaned in turn with acetone, alcohol, and distilled
water. After the cover was replaced and the system pumped
down, argon was released into the system to a Pressure of

about 400 microns. A radio frequency discharge was then set
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up between the plates with a tesla coil as the system was
pumped down again. This process was used as an alternative
to degassing, which was impractical due to the size and
weight of the analyser plates and cover. Unfortunately, the
tesla coil could be applied to the electrodes only near one
end of the analyser, and it was not possible to determine
the extent of the discharge produced. The effect of this
cleaning, however, was to reduce drastically the error to
close to Oppm, although the error rose slowly to
approximately -40ppm over sevéral weeks, Repeated
application of the r.f. discharge would temporarily reduce
or eliminate the error again, with diminished effectiveness.
At times the error could be greatly increased by changing
the acceleration potential sufficiently to sweep the beam

over the analyser plates.

5.4 NATURE OF THE ERROR

The evidence described in éection 5.3 points to
surface potentials in the electrostatic analyser region as
the érimary cause for the error, although possible
contributions of smaller magnitude from other causes cannot
yet be eliminated. The typical error of -=100ppm could be

caused by a reduction of the potential difference, Ver
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between the plates by 0.08vV (in 800V), or a surface
potential of -0.04V on the positive plates and +0.04V on the
negative plate. A surface potenfial distribution over a
smaller area would require higher potentials.

Potentials developed on metal surfaces in a vacuum
have been studied by Petit-Clerc and Carette. Potentials up
to 0.5V were obtained after the surfaces had been bombarded

2 at

with electron bean intensities of 2x10°° amp / mm
energies of 8-43eV and a residual potential of a few tenths
of a volt was found to persist for an indefinite period
(Pe68) . Petit-Clerc concludes that charges are trapped in
polymer films formed from organic contaminants (Pe70). The
pump oil used in Petit-Clerc's first experiment, DC704, is
similar to the DC705 silicone o0il that has been used in the
Manitoba instrument for several years. The o0il diffusion
pumps act only on the‘ source arm and are protected
continuously by water baffles, and by liquid nitrogen traps
when the instrument is in operation; that is, when the gate
valve between the analyser and the source arm is open., It is
impossible, however, to preclude the transfer of some o0il.
into the electrostatic analyser section. Experience with the

Manitoba I instrument suggests that the silicone oil

residing on the surface of the analyser plates and subject
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to ion bombardment may produce glass~like layers, possibly
having a higher resistivity than the layers produced by the
carbon oil.

The current to the electrostatic analyser plates has a
measured value of 1041 amps when an estimated total ion
‘current of 10-9 amps passes through the electrostatic
analyser. It is roughly proportional‘to the ion current, and
completely dependent on it. Figure F5-1 shows how the
current measured at the analyser plate varies as the
acceleration potential is changed. Similar currents have
been measured in the Manitoba I instrument. Although these
current densities are well below those used by Petit-Clerc,
it is possible, and in agreement with experience, that the
potential could build up over a period of time. |

The following possible mechanisms for the accunulation
of this surface charge have been considered.

1. Bombardment of the electrostatic analyser
plates by the primary ion beam.

This would require some ions having a kinetic energy
200evV different from those travelling along the optic axis.
Such ions have not been obiserved in normal operation, and
their production, by the source used, is unlikely. Inélastic

Scatterina of the beam from the principal slit is a
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poesible, though unlikely, cause of energy spread., In
either case, if the primary_beam were to hit the analyser
plates, the area affected would be predominantly near the
exit end of the plates and the surface potential required to
produce the whole error would be correspondingly higher than
0.08v and possibly close to 1v. However, in initial
vadjustment procedures a transient plate bombardment may
occur. |
2. Bombardment of the exit fringe blocks by the

primary beam.

This requires an ion potential 70V different from
those travelling the optic axis, which may result from a
misadjustment of Va. As suggested by fig. F5-1, bombardment
of the fringe blocks can produce current to the analyser
plates, and the resulting surface potentials can be built up
on both the fringe Blocks and the analyser plates. ‘The
fringe blocks have adjacent surfaces 3cm wide, placed 7mm
apart and parallel to the beam; thus can be struck by ions
over their entire width. The potentials produced in this
event would, for the same area, influence the beam more than
Corresponding ones on the electrostatic analyser on aecount
of the reduced distance between the charged surfaces.

3. Bombardment of the analyser plates by
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secondary ions produced between the analyser plates.
Two mechanisms have been considered.

(a) Charge exchange between the ion beam and
the residual gas. Reaction Cross sections as high as quscmz
have been measured for a variety of ions and gases (Hab2) .
At a pressure of 10 mm Hg, about 0.2% of the beam would
suffer such interaction. The resulting particles may then
release electrons from the negative plate upon striking it.
This process could account for much of the current arriving
at the analyser plates. | |

(b) Ionic dissociation. There is a certain
probability that in gas - beam collision pProcesses the ion
fragments will be dissociated. The effects of this would be
similar to the effects of charge exchange pProcesses. As in
the case of charge exchange, this dissociation would be

highly dependent on the type of ions produced by the sourcé.

" The influence of a surface charge on the ion beam and
the measurement relationships must also be considered. If an
ion, accelerated by a potential of Vg Volts, passes
perpendicularly through a stray electric field of E
volts/metre for a distance of 3 metres, then it suffers a

deflection 6 and a sideways displacement d given by
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0 EL/2V, : (5-4)
and d = Ef* /4v, . (5-5)
In the case of two ions of mass M', M" accelerated through
potentials Va'r V" respectively, by using eqgn. 2-11, we
find that
6'/6" = M'/M" ' (5-6)
and se/6" = AM/M" . (5-7)
in all cases, and similarly |
§d/d" = AM/M" (5-8)
where 66, §d are the differencesg in the deflections and the
displacements received by the ions; |
If ‘the shift in fiﬁal peak position is directly
proportional to 6 and d, then the relationship 2-15 will
hold ‘exactly, and the error in the measurement, given by
egqn. 2-16, wili be proportional +to the mass difference
measured. This proportionality will hbld as long as there
are no significant second order image aberrations. Such
aberrations would arise in the case of very non-uniform
fields in the beam path, such as those due to charge on the
slit edges. Checks can be made on these non-uniform fields,
either by testing the dependence of.the érror on changing
AV, (i.e. putting the two ion beams around different.paths)

or by testing the effect on the error of changing slit
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positions. These tests were found to have negligible

influence on the error (sect. 5.3).

5.5 CORRECTION FOR THE ERROR

Since it seemed unlikely that the error experienced
could be satisfactorily eliminated, the possibility of using
a wide doublet to calibrate the error for the measurement of
a narrower doublet was considered. The nature of the error
as determined in the work alreaqy describéd suggested that
the necessary correction would be proportional to the
doublet width. Tests‘ were made on the linearify of the
correction by measuring it for one and two mass unit
differences for a number of different.ions. The results of
such measurements (table T5-2) indicate that the assumption
of linearity is valid. With the confirmatory evidence noted
in section 5.4 and below, it is now Presumed that the
discrepancies in the results before January 1971 arose from
unintended bombardment of +he electrostatic analyser plates
by the ion beam.

On the basis of this understanding of the source of
the systematic error and its behaviour, the measurement of
doublets with AM/M »~ 1/3,000 was undertaken. The doubletsg
measured and the calibration doublets used are described in

Chapter 6.
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TABLE T5-2

LINEARITY TESTS

PROP. ERROR FOR 2 MASS UNIT DIFF.

DATE ToN PROP. ERROR FOR 1 MASS UNIT DIFF.
1 Nov 1970 Cd C1, ' .58 + 0.5
9 Nov 1970 ca C1 97 + .15
10 Nov 1970 cd C1 | .96 + .05
22 Dec 1970 ¢a c1, .54 + .03
26 Dec' 1970 | ca c1, .55 + .06
20 Jan 1971 | cd C1 , .97 + .10
6 Mar 1971 cd c1 .95 + .10
9 Mar 1971 cd Cc1 1.00 + .08
10 Mar 1971 Cd c1 , Obh + .10
12 Mar 1971 cd C1 1.2 + .3
1.02 + .05
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Calibration measurements usually consisted of four
visual matches taken both before and after a group of runs.
They w~re carried out at the same magnetic field setting as
the measured doublets so that errors due to changing
focussing properties would be avoided. This limited the
measurements to either "add" or "subtract® types, depending
on the relationship between the peaks. Usually the
calibration dbublet was lighter than the measured doublet,
and "add"® measurements were made. An error for the
.calibration is derived from the spread of the determinations
made, and is included in the final error (sect. 5.6).

A further cheék was made on the validity of the error
correction by plotting the final run results against the
correction made on them, as shown in fig. F5-2. Finally, an
independ nt confirmation is provided by the wunusually good
agreement between the chlorine measurement and Smith's
results (see Chapter 6.1).

The following . additional precautions were taken to
minimise the error.

1. Blanking system: During the measurement of
large mass differences for calibration, the acceleration
potential was switched by amounts up to 400v. Any lack of

synchronisation between Vg and AV, switching would cause
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the ion beam to hit the electrostatic analyser for short
intervals. To prevent this, a blankinglsystem was used to
shut off the ion beam between oscilloscope sweeps (see sect.
3.4).

2. Change of the type of diffusion pump oil: As
discussed in section 5.4, the use of éilicone 0il could lead
to the formation of particularly undesirable glass~-like
layers on the surfaces of the analyser plates. For this
reason, the DC705 oil in the diffusion pump was replaced by

the carbon - based Convalex 10.

‘5.6 TREA'I‘MENT OF RESULTS AND ERRORS.

The result of the computer analysis of each match is a
voltadge (AV,) appropriate for the optimum matched condition
(sect. 4.4). From each of these voltages is calculated a
mass difference, using egn. 2-20 or 2-21 for the add and
subtract modes respectively.

The masses calculated for each match are adjusted by
the proportional correction determined from the measurement
of the calibration doublet (sect 5.5). Thé simple average of
the results of the eight matches in each run is taken and
the standard deviation of the mean is calculated. An error

in the correction is estimated from the spread of the
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calibration measurements, and is then combined with the
standard deviation of the mean to give the error quoted for
that run.

The standard method of combining such partial run
results to derive a final result with an error has been\
defined by Birge (Bi30). A weighted.avérage of the results
of the various runs is calculated along with an internal

error and an external error:

m = r ( Mo ) O (5-9)
z( 1/0§ )

4 2l(1/0 J(m - m_) 1%

o (ext) = (5-10)
(n - 1) z 1/05
o, (int) = v 1/{%(1/03)] (5~11)

where m,, o are the results and errors of a run,

g , 0; are the mean and errors of a series of runs,
and n is the the number of runs involved in a
measurement. The - external error indicates the spread

amoung the run results, while the internal error is a
combination of run errors. Usually the expected value
for o(ext)/ o(int) is v1l, and the final error quoted is

taken to be the larger of the two errors calculated.
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Because of the possible elimination of systematic
errors by means of the combination of match types within a
run (sect. 4.2), two arguments arise which conflict with the
above analysis.

1. A systematic error which is eliminated should
not inflate the final error. Thus errors éharacteristic of a
given matching configuration would tend to cancel over a
run, and the external error would express the true
statistical variation between runs. |

2. The size of the systematic error eliminated in
any partiéular run (and reflected in the run error) should
not influence the weight placed upon that run result. For
this reason an unweighted average of the run results should
be taken (as was the .practice for wvisual matching
measurements previoﬁsly carried out by this group (Bi69)).

Due to the lack of precise knowledge of the errors
that were eliminated, a full analysis was not possible. The
Birge formulation was used with the following modifications.

1. Both errors are presented here to indicated any
possible significance of the first argument.

2. The importance of the second argument was.
tested by comparing the simple and weighted averages of the

run results. In cases where they differed by more than the
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final quoted error, the errors on the.most precise runs were
raised until agreement was reached between éhe two averages.
This process effectively increased the final error to take
account of the statistical abnormalities among the
measurements,

Other factors considered in arriving at a final result
are:

1. The potentiometer chain calibration (sect 3.5)
by which the relationship between AVy and Ve 1s established.
Since this applies to both the measurement error calibration
and the measured doublet, the chain €rror can be neglected
in both.

2. The lower chain calibratioﬁ, which relates the
resistance of the VDR and the lower chain members R, - R,.
This calibration was critical in the very wide calibration
measurements (sect 6.1) and was estimated at 8.5%2 ppm over
the period of the chlorine measurements (sect. 3.5). The
error on the correction was combined with the total
measurement error, since the corrected error was likely to
be correlated over the whole measurement,

3. The VDR calibration, which tests the internal
consistency of the VDR (sect. 3.5). The most critical.factor

in this calibration is the error in the resistors of the
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most significant decade. This was fully calibrated by Bishop
some time ago'(Bi69), but a check was made near the setting
used for the wide doublet measurement. The correction was
+1.6t1 divisions in the seventh dial at 26.5°% or 0.6i0.4uV

(0.8t0.5)x10—9). The corresponding correction according

(e,
to Bishop is +3.2%0.8 divisions in fhé seventh dial.

4. Loss of the electron in the ion mass. The mass
used in the calculations is that of the neutral atom,
derived from atomic mass tables, but £he particles used are
positive ions. Corrections for the electron mass apply to
both the calibration and the measured doublets, and are thus
partially cancelled out. In the caseé of calibrations and
measurements carried out at thé same magnet setting, the
remaining correction can be shown ﬁo be the factor

(1 + MeAMC/M"(MC - Mg)) (5-12)

where: Mg is the mass of an electron,

M¢ is the mass of the calibration ion,

M" is the mass of the measured ion,
and AM, = M, - M"
The magnetic field is set on the reference ion M'. For the
worst case, the chlorine measurement, the correction is
0.2ppm, which is negligible.

5. Relativistic corrections. The real mass of the
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ion in flight is given by adding its ‘energy to its rest
mass.
flight mass = M, + ev,/c? (5-13)
where: Vg 1is the acceleration potential,
€ 1is the electronic charge
M, is the rest mass,
and Cc 1is the speed of light.
This correction also is cancelled out only partially by the
calibration, the.approximate residual factor for the type of
calibration used is
(1 - 2eVgaM. / S M.M") (5-14)

and differs from 1 by 0.02ppm for the chlorine measurement,

5.7 ‘PRECISION
The best ‘"precision" (€|= o/M, sect. 5.1) acheived

with this instrument previous to this work is 2.5x107° on

169 35 165

Tm —Cl - Ho 37C12 doublet measured with 18 runs of

t h(f; 2

visual matches in 1969. Meredith (Me71) has approached the
same precision using computer - assisted matching, but with
considerably fewer runs. |

The best result reported here (C *c1 D, - ¢C 3‘7Cl H,)
(sect. 6.1) has a precision of l.7xl0“9 on the final.result

with 20 computer - assisted runs taken. This error is
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determined primarily by the distribution of results within
the runs (internal error) and certain errors due to the
width of the doublet measured.

Recent tests on the instrument reveal a mechanical
oscillation of about 7 Hertz which sets up a beat frequency
with the matching sequence (Me73). The beat frequency is
sufficiently low that the precise_ time of starting aﬁd
stopping data collection can influence the match results.
This effect is largér for more intensé doublets because of

the shorter collection time.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 THE °’c1 - %C1 MASS DIFFERENCE

Since 1962 this group has used narrow mass doublets of

the types

A

fx el =My o1 =y, (6-1)

and "x Pc1, - 1, = g, (6-2)
in order to obtain precise values for the mass differences

of the types

35

X =" = o+ (¥c1 - ¥y (6-3)

35

A, + 2( %71 - *5cy) (6-4)

=
I
s
I

'and
where X, Y, may or may not be the same element and Ay, A,
are the experimentally determined mass differences. In the
special case where X, Y, are the same element, then the

further relationships exist:

Ay  _ A=2

and % <%y = 4n - Sun (6-6)
where n is the neutron mass and S,,, S,,, are the separation

energies for the last two or four neutrons respectively.

The accumulation of an extensive body of this kind of
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data, initially at McMaster University and 1later at the
University of Manitoba, prompted several research groups to
undertake the redetermination of the 1 - ¥c1 mass
difference to improve its precision and reliability as aﬁ
important secondary mass standard. Table Tg-1 summarise§3
the results of these experiments, thus giving the available
mass spectroscopic data on this difference at the time that
the present work was initiated.

The continued interest in "chloride" doublets in the
rare earth region (determined by this group first at
McMaster University and later at the University of Manitoba,
e.g. fig. F6-1), coupled with the progressive improvement in
precision for these doublets, led us. to attempt to obtain a
much improved value for the 1 - c1 mass difference.

37Cl - 35Cl mass

In the previous determinations the
difference has been compared against twice the hydrogen mass
(Be66), the deuterium mass (Ka72) and twice the (D - H) mass
difference (De65). An alternate approach, viz., the separate
determination of the 31 and *c1 masses against hydro-
carbons, was used by the Argonne group (St70).

The approach adopted in the current work is the direct
determination of the c *°c1 D,- ¢C 37Cl H, doublet, deriving

the 37Cl - 35Cl difference in terms of the 2(D - H) mass
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TABLE T6-1

1970 STATUS OF MASS SPECTROSCOPIC MEASUREMENTS
RELATED T0 THE ¢ >%c1 b, - ¢ 3Tc1 1, pousiar.

(Units: micro - mass units)

2 - (3Tc1 - 35¢1)

2,951+11 + 59 De 65
2,950°30 i 60 Be 66
2,949.41 + L2 St 70
2,950-06 + 50 Weighted Mean
g_g.__‘ D
1,548-081 + 82 Sm 58
1,5h8-226 + 50 Jo 67
1,548-070 + 80 St 67
1,548-080 + 80 Na 69a
1,548-143 + k2 Weighted Mean
H-1
T,824-958 + 87 Sm 58
7,825:220 + 30 Be 66
7,825-010 + 28 St 67
7,825:055 + Lo St 70
7,825-005 + L9 Ka T0
7,825 081 + 48 Weighted Mean
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TABLE T6-1

(Continued)

(D-H) - 1

Calculated from [(H~1) - (H2—D)] \

6,276-938 + 63
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difference. The desirable features of this mass doublet 
were as follows: |

1. The ions were chemically identical, and thus
had similar source characteristics. This avoided problems
previously attributed to the use of ions having different
chemical structure (sect. 2.3).

2. The doublets had a suitable width (1/3,300),
and suitable calibration doublets were available.

3. The b - H mass was known from direct
measurements to an accuracy at that time of 0.063 uu (tabie
T6-1) . |

The source used the vapour from a mixture of 75%
normal methylene chloride and 25% fully deuterated methylene
chloride. |

Twenty runs using computer - assisted matching were
taken on six Qifferent days spaced over a period of two
months. The first seventeen used the voltage stepping method
developed by Meredith and the remainder used the revised
method (sect. 4.2). The calibration doublets used were the
c’clH, - ¢l ® and the ¢ ®c1 D, ~ ¢ClH doublets.

In order to check for interference by contaminants the
total spectrum was recorded at each mass number between

masses 53 and 48, and the computer printout inspected. All
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peaks detected were identified as fragments of the methylene
chloride sample except for ore peak at mass 51 with a mass
excess of 10mu; 18 mu heavier than the ions measured. No
explanation for this was discovered, but the possibility of
any related peaks interfering with the measurement could be
discounted. There was some concern that the mass of Tp %
differed by only 0.18mu from the mass of C35Cl, and
therefore would be unresolved in 'any of the spectra.
Although phosphoric acid did exist in trace amounts in the
LaB, mixture covering the filiament, it was considered very
unlikely to have any significant effect due to the
improbability of generating the D?Pyb ion. As an additional
check, howevgr, the last three runs were taken without any
LaB, on the filament. No significant changes were detected.

The values, with corrections, are given in table T6-2.
Errors on the systematic corrections are combined to give
the final result. As stated in section 5.6, the larger of
the internal and external errors was taken, in this case the
internal error. However, according to argument 1 in section
5.6, the size of the external error suggests that a smaller
final error might be justified. Also given in table T6~2 1is

the simple unweighted average and its standard deviation.

Figure F6-2 compares this measurement with the results
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TABLE T6-2

C Clb -C ClH RESULTS

Proportional

Date Error Result (yU) Error (yU)
April 12 48 15504.11 0.81

" 53 - 15504.28 0.74
April 14 35 15503.88 0.66

" 35 -15503.64 0.51

" 47 15503.69 0.62

" 47 -15503.71 0.72

" 47 15504.21 0.63
April 17 38 -15503. 42 0.41

" 48 -15503.93 0.31

" 60 -15503.62 0.31

" 60 15503.77 0.26
April 29 74 .15503.89 0.21

" 72 15503.73 0.19

" 72 '15504.07 0.29
April 30 61 15504.25 0.63

" 61 -15504. 21 0.62

" 47 15503, 71 0.41
June 10 147 15504.16 0.44

oo 151 - 15503.95 0.48
" 147 15503.74 0.32
: (Internal
Error)

Weighted Average 15503.833 0.082 0.043
(Unweighted Average) 3.898 0.055
ferrectiomps:
Error in chain calibration -.070 .030

Correction due to VDR caiibration
+.040 .025

RESULT  15503.803 .091

— T M 0o Mt et i St . et e S P e
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De65
Jog7™

St70%

Ka72 ¥

Ma65

Pre ‘71 Mass.

Spec.
WaT7l

Sm7i

Wa7l,p368

Ma65

Pre'7! Mass.
- Spec.
Wa7i

Sm71

Wa7l,p368

Ma65

Pre '7I Mass.
Spec.-

Wa7l

SmTi

Wa7l,p368

Present

D,”°Cl — H,)'CI - o 115 505 - 414 - 7}
i © 15504.361-60
— -O- i 15 502 -82¢ .58
o4 15 603 - 774%-063 Sm71 ¥
b—0— ps 503 -62 .20
o+ 15 503 -803 % -091 Present
15 5;)2 15503 15'504 I5.;105 l5‘506 micro-mass unlts
% derived from soveral meosurements,
H=-1 a o ;
© 1 7 825-19 +.08
— -0 4 7 825-087+.042
00— 7 825-22%.-04
ot 7 825-029+-005
0= 7 825-05%.01
7825-0 7 8251 7825-2 7825-3 micro-mass unlls
..D_:.g. — o - 14 102-22%-12
0 — 14101-927%-052
- P 14102-22%.07
104 14101-771£-010
=0+ 14101-82£-02
’ *i4 ;0l~8 14 162-0 ) 14 1'02-2 74'102-4 micro-moss units .
2~ (ci-**c1y o )
' , ! e T '2952-7+1-4
O 2 950- 06 £-50
b—0—t 2950-54%-34
toi 2 950-290+.063
el 295015813
+o+ 2 950-303%.092
2 9’50 2 9'51 2 9.52 2 9'53 2;54 micro-mass unlts
FIG. F6-2 RESULT COMPARISONS
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for the same mass difference as determined in the
laboratories indicated. As this actual doublet was not
studied in most cases, some of the values here are composite
ones, involving more than one doublet. However this
procedure affords the most direct comparison with the
present result,

Also shown in the table is a result based on the
extensive body of data determined by Smith (sm71) at
Princeton. This work, which appeared some time after the
present work was initiated, has produced significant changes
in the 1971 mass table (Wa7l1, p368) and has provided greatly
improved precision for the masses which were studied. As
was noted by Wapstra in the introduction to the 1971 Mass
Table (Wa7l), the values reported by Smith were at that time
an order of magnitude higher in precision than previous
data, and thus stood virtually unsupported by other data.
The measurement reported here is the only independent datum
that provides with comparable precision a check on Smith's
results. Moreover, the agreement between the present
results and that of Smith is particularly significant
inasmuch as the instruments used operate on completely
different principles.

To derive a value for the 3%1 - xbl mass difference
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from the measurements taken here, a value of +the (D - H)
mass difference must be obtained. This may be done in either
of the following ways:
| (D-H) -1 = (D-2) - (H - 1) (6-7)

or D-H) -1 = (H-1) - (4, - D) (6-8)

Values of the (H - 1), (D - 2) and (H, - D) mass diff-
erences were obtéined by taking the weighted averages of all
previous mass spectroscopic measurements for each differencé
(table T6-3). Here we have adopted the (D - H) mass
difference as derived from formula 6-8 because the consis-
tehcy and precision of both the (H - 1) and the (1, - D)
measurements are Superior to those for the (D - 2)
measurements. Some caution should be exercised in using
these figures which are based purely on mass spectroscopic
measurements inasmuch as there is some discrepancy between
the mass spectioscopic and the mass table values (which
include mass differences derived from nuclear energy
determinations) particularly in the case of the deuterium
mass as shown in figure F6-2.

The *c1 - *c1 mass difference derived in this way from
this work is combined with previous measurements to give a
weighted average of mass spectroscopic values fbr the

3%1 - 35Cl mass difference (table T6~3) .
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TABLE T6-~3

CALCULATION OF THE CURRENT
3701 - 3501 MASS DIFFERENCE

D-H DIFFERENCE (Weighted averages of all Mass Spectroscopic Results):
H-1 7 825-035 + -012 pu
Hp -D 1 5L48.285 + .007 pu

giving

(D-H) - 1
6 276:750 + 014 py
2 -~ (3Tc1 - 35¢1)
Present Work 2 950-303 + 092 pu

Weighted Average of all Mass Spectroscopic Results
2 950-276 + -06k4 uu

NOTE:

Mass Spectroscopic Value
Prior to 1971 2 950:060 + -500 yuu

1971 Mass Table Value
2 950-54 + .34 .y
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The change produced in the mass spectroscopic value of

o1 - ¥c1 mass difference‘by the addition of Smith's

the
results and the present work (.216uu) has not significantly
changed the value adopted for the extensive mass adjustment
carried -out for the rare earth fegion in which the mass
differences determined by this group both at McMaster and

the University of Manitoba were wused as primary data

(Ba72:).

6.2 LUTETIUM - NEODYMIUM MEASUREMENTS

The mass measurements ‘involving "chloride" doublets
done by this group (and referred to in section 6.1) have
covered a section of the mass table from Pr to Hf. Such
doublets give mass differences which provide links between
nuclides differing in mass number by zero, two or four mass
~units, as shbwn in Fig. F6~1. Although some checks on
consistency have been made via small closed loops, there has
been little information which relates the masses at opposite
ends of the region. With the improved capability of the
instrument reliably to measure wider doublets, it became
possible to measure the]BLu3El -'“Ndwcl2 andlmiuaﬁl —‘“Nd3%12
doublets (a and b in Afig. F6~1). In these casés the

fractional doublet width was 1/3,500, and calibration
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measurements- could be made easily to jions located one mass
number away from the doublet under study. 1In addition,
because of their chemical and physical similarity, the
samples behaved predictably and similarly in the ion source
used previously by this group for rare earth chlorides
(sect. 3.3).

The results are given in table‘T6-4, and a plot of the
distribution of run results with corrections applied is
given in fig., F5-2,

175 37 142

Lu “cl - "yg 3%

In the Cl doublet, there was a

2
significant discrepancy between the simple average of the
run results and the weighted average. This was rectified by
assigning a minimum error of 2pu (sect. 5.6), which affected

three runs. In the reSulté-for the l76Lu 37(31 - ]“Nd 3

Cl,
doublet, one of the runs was eliminated, because its
difference from +the final result was 17 times the final
error quoted, although no  apparent reason for this
discrepancy was found. The mass differences from the 1971
Mass Table were calculated from the "absolute" masses, and
thus the errors for the mass differences quoted are somewhat
high (i.e. the error quoted is the square root of the sum of

the squares of the errors associated with the "absolute"

masses). Correlation coefficients, which are necessary

112



TABLE T6-~h

LUTETIUM ~ NEODYMIUM

RESULTS AND COMPARISONS

(Units: micro - mass units)

1000y 3Ty o ey, 35012 176, 3Ty 13y, 3501é
RESULTS
61 249-5 + 2.5 610672 + 1.4
No. Runs ‘ 7 ' ' 6
T int 0-93 | 1.25
9 ext ' 2.5 : 7 1.4
COMPARISONS
71 Mass Table 61 226 + 18 61 045 + 16
(Wa. 71) : ‘
discrepancy o ‘ 2k + 18 22 + 16
Manitoba Adj. . 61 218-5 + 5.4 . 61 036-3 + 5.3
(Me 69)
discrepanéy 31-0 +* 5.9 309 *+ 5.5
LOOP CLOSURE ERROR
3'h + 6.7 pu
using M3y _ Weyg - 1-002 089 9 + 1 5 u MeTl
16, _ 1% = 1.001 911 + 6 u MeTl -
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correctly to compute the errors on the correlated
differences, were not available for this mass adjustment,
and thus the true errors could not be calculated.

As shown by the loop closure (completed by accurate
(n,vy) measurements), the results are consistent with each
other.‘ However they are not consistent either with the 1971
Mass Table (Wa7l) or with recent Manitoba mass adjustments
as shown in table T6-4. Further discussion of these

discrepancies is deferred to section 6.4.

6.3 NARROW MASS MEASUREMENTS

In addition to the relatively "wider" doublets
described hereto, we have extended the systematic study of
mass -differences via the narrow "chloride" doublets to
include connections in hafnium, and 'between lutetium and
ytterbium as shown in table T6-5. The latter connection is
particularly impdrtant as it provides a strong mass
Spectroscopic link between lutetium and the rest of the
Manitoba data. The new hafnium results are also conmpared
- with previous McMaster results (Wh70). In keeping with the
foregoing work these new data incorporate error corrections
on each run for the Hf measurements, and on the éverall

results for the Lu -~ Yb measurements. The discrepancy is
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TABLE T6-5
S e

.NARROW DOUBLET RESULTS

(Units: micro-mass units)
HAFNIUM

DOUBLET PRESENT McMASTER
180ge . 1T6yy 11 036°1 + 3-0
178xe .. 176nr 5 239:5 + 1.3 5236 + 5
180y - 178ps 5 7984 + 0-7 5797 + 3
17%¢ - TTye 5 5hl-h + 0-7 5539 3

1150 354, _ 173y, 37q

RUN CENTROID ANALYSIS DIFFERENCE ANALYSIS
1 5 5048 + 6-1 5 506°7 + L6
2 55081 + 1-7 5 507+8 + 2-7
3 5 507-8 + 2.6 5 5073 + 1+8
L 5 50076 + 3°5 5 503°5 + h-lL
' (ext) (int) (ext) (int)
Welghted Average 5 5070 + 0°7, 1-k 5 5069 + 1.5, 1.3
RESULT ' 55073 + 14

(Difference Analysis with proportional error applied)

McMASTER RESULT 5503 + 14
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comparable with other systematic differences between
McMaster and Manitoba results (Ba72a) .

The '*%uf 35Cl2 - "mr 3%12 measurement was made with
borderline resolution, and the results were found to be
dependent on the analysis limits chosen (sect. 4.4). The
limits selected corresponded to a 'flat portion of the
variation, and the error was increased from 1.8 to 3uu to
allow for the uncertainty in the effect of the tail of one
peak introducing an apparent shift in the position of the
other. Since this measurement served only to corroborate the
other two measurements made in hafnium, the uncertainty was
not of major concern.

Attempts to measure the]%Hf *1 -]qu Ye1 difference
were unsuccessful until the very recent introduction of

pulse-counting techniques by this group (table T6~10).

6.4 PROPORTIONAIL, CORRECTIONS AND THE MASS ADJUSTMENT

The discrepancy between the bpresent Nd - Lu
measurements and that from the 1971 Mass Table (sect. 6.2)
is not surprising in the light of the large errors that the
mass table had in this area; Moreover, for this region, the
table relied extensively on the McMaster results that had

been shown to differ consistently with more recent data
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(Me71) . The discrepancy for the Nd - Lu differences between
the hew measurement and the value from the Manitoba
adjustments (Me71) strongly suggests that a proportional
error (as discussed previously in this work) exists in the
earlier mass measurments carried out with the Manitoba IT
mass spectrometef. Further confirmatory evidence is
contained in the following.

1. A number of narrow mass measurements have
recently been carried out in this laboratory (table T6-6) .
The analysis for the computer -~ assisted matching was that
used by Meredith (Me69) and proportional corrections were
applied as determined from calibrations taken at, or ciose
to the time of the measurements. . Where comparisons are
available with previous mass measurements, a fairly
consistent difference ig evident.

2. Table T6-7 shows closed loops of three
doublets involving entirely corrected doublets, entirely
uncorrected doublets and a mixture of doublets. The mixed
loop is the only one with a significant discrepancy.

The Manitoba adjustments referred to above consisted
of tWo Separate adjustments, the first from Pr to Tm (Me71,
Me72) and the second, overlapping with the first, from Er to

Hf (Me71). In order to integrate the Nd - Lu neasurenents
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176yy
171y,

171ys
172yy
173yb
173yp
174
176y}
176yp

TABLE T6-6

FURTHER RECENT MANITOBA MEASUREMENTS

DOUBLET

3501 - 168yp 37c1
351 - 169Tm 3701
35c1, ~ 16Ter 37
35¢1 - 170yy 37¢1
35c1, - 168y 3Tc1p
35c1 ~ 1T1yp 3Tqy
35¢1, - 16%m 37ca,
35c1 - T2y, 37ca
35c1 - 1Thyy, 37
35012 - 172yy, 37012

CORRECTED VALUE

(Units:

3 806-0 + 76
5 061-9 + 1.7
10 178:0 + 0.7
L 568-5 + 2.0
9 906-7 + 1.7
L 835-3 + 1.6,
9 898-3 + 1.2
5 430-3 + 1.1
6 656-3 + 1.k

12 088-9 + 2-4
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micro - mass units)

McMASTER VALUE

5055+ 3

S bog27 &k

5 420 + 4
6 652 + 3




TABLE T6-7

CLOSED _LOOPS

(Units: micro - mass units)

1. CORRECTED DOUBLETS

. Value
¢ 1T3qy 35¢; - 1Tig, 37 48353 + 1-6
¢ 1Tl 35¢y _ 1695, 374, 5061-9 + 1.7
c 1731y 35c1, - 169q, 37cy 98983 + 1-2
Discrepancy: 1.1 + 2.6
2.  UNCORRECTED DOUBLETS
u 1697y 3501 - 16Tg, 37¢ _ © 5111:9 + 1.0
u  167Tpr 3501 - 165y, 370 4678-3 + 1.1
u 169t 3501, - 165m, 37c1, 9790-6 + 0-6
Discrepancy: 0+2 + 0-k
3.  MIXED DOUBLETS
¢ 1Tlyp 35¢1 - 169y, 37 5061-9 + 1.7
u 169y 350y - 167w, 37 51119 + 1+0
e Ty 351, - 167g, 37¢y, 10178:0 + 1-7
Discrepancy: L:2 + 2+6
¢ = corrected
u = uncorrected
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with the other measurements, a single adjustment was made

covering the entire range. Because of . the limitations of

the computing technique, the size of the computation had to

be considerably reduced by including only those nuclides
which were a part of the overdetermined set of data.

The introduction of the Nd - Lu measurements into the
adjustment caused a fairly consistent residual to appear for
the values obtained from mass doublet determinations. The
residuals were particularly large at several "weak" points
in the chain. In the case of the (n,y) Q—value measurements,
the average residual was approximately halved, while those
for g-decay Q-values were increased slightly.

As a result of these prelimiggry calculations which
included the Nd -~ Lu doublets, certain Vimprovements were
made so és to provide a more reliable picture of the mass
differences for the region. These were as follows:

l. several weak points in the chain have been
greatly improved by the recent mass spectroscopic
measurements (table T6-6), and some extra reaction and decay
data were added (table T6~8) .

2. McMaster results have been removed wherever
they duplicate Manitoba results.

3. The 2 - (3%1 - 37Cl) value has been changed to

2950.277uu,
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NEUTRON SEPARATION ENERGIES

ADDITIONAL REACTION AND DECAY DATA

‘TABLE T6-8

170y,
171yp
172yp
lThYb
175vp

1TTyp
176Lu
178mr

l79Hf

180g¢

BETA DECAY ENERGIES

(n, y)
(n,%)
(n,7)
(n,7)
( ns%)
(n,%)
(n,7)
(n,%)
(n, %)
(4, p)
(n,v)
(n, %)
(n, %)

196gr (g- ) 1697y
170 (g- ) 170vp

175vp (g- ) 17514

S+ I+ 1+ 1+ vwwwi+
H o= o
o NN ow

-3
[
N
(%)
VMV O+ v e oy
O

[+ |+ |+
o M

34k + k4

970
968 + 0.7

LeT + 2

I+ |+
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1.

%)

V1o

(Units: kev)

Ra
Na
Na

Na
Na

Al
Al
Mi
Fa
Mi
Ra
Al
Bu

Bi
Po
Va

67

69

69

69

69

71

T2

69

69, Ra 67
69

67, Na 66
72

70, Na 66

56
54
69

Ba 62



4. The systematic errors have been allowed for as
follows:

(a) McMaster results were increased by 790
ppm, on the basis of the systemafic differences found
between Manitoba and McMaster results (Me71) .

(b) All measurements ‘on which corrections
had not been made on the basis of calibrations at the time
of the measurement were increased by 250%100ppmn. This
figure is an estimate baséd on calibration measurements to
date.

The result of this adjustment is shown in table T6-9,
The 1last column shows the change in the residual between
this adjustment and one without the corrections 4(b) above.
Large variations occur only in the region of Eu; the werkest
portion of the chain. The average residual of reliable
results is reduced from 0.67uu to 0.16uu.

6.5 S SYSTEMATICS

2n

The significance of the mass differences, ag
calculated in section 6.1, may be conveniently demonstrated
by means of the systematic behaviour of S,, + the double

neutron separation energy, as a function of neutron number

(fig. F6-3). It is well known that such a plot reflects the
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NUCLIDE
~
142p,.
143Ng

S lhhng

14559
146Nd
1485m
149Sm
ISOSm
1558
152Eu

ISHEu
156Gd
158Gd
161py
162,
163y
164py
1650,

166HO

SECTION B

INPUT
VALUE
5843.840.8
6123.3£1.9
7816.840.9
5746.0+15.
7565.8+1. 1
8140.241.0
5876.049.0
7985.840.6
5809.0+12.
6305.0+4.0

6418.0+7.0

'8531.0%5.0

7934,0+1.1
6U459.7+7.0
8193.612.9
6271.7+2.4

7655.4+2.2

- 5715.3%1.4

6243,04+0.9

REACTION Sn VALUES

CORRECTED

- 128

VALUE
5843.6+0.8
6122.411. 4
7816.8+0.9
5754.5%1,3
7565.711.1
8140.3%1.0
5872.3+1.8
7985.7+0.6
5808.3%9., 1
6302.4+3.6
6420.414 .8

8530.422.6

7936.1+1.1
6458.911.6
8193.5i1.5
6276.5x1.4
7653.6+1.5
5715.3%1.5

6243.4+0.,9

(ReV)

OUTPUT

RESIDUAL

0.0

RESIDUAL
CHANGE



NUCLIDE

165
166py
16 7py
168k
169
170py
171y
170y
171lyp
172yp
173yy
1‘7L+Yb
175y
177yy
17614
1774¢
178yf
179yf

180Hf

INPUT
VALUE

6650.1+0.7

8UTh . 5+7. 1
6436.240.5
7771.0%0.7
6003.0+0. 3
7263.0+9.0
5681.5+0.5
6594 .21, 3
6615.9+2.8
8023.3+2. 8
6367.240.5
7465.5+2. 8
5822.440.5
5566.7+1.2
6293.241.2
6375.0+7.0
7625.0+0.9
6098.5+1. 0

7387.3%0.6

CORRECTED

129

VALUE
6650.240.7
8U76.7+1.4
6436.1+0.5
7771.20.6
6003.0+0. 3
7257.5%1.5
5681.640.5

6593.6+1.2

6613.5%1.4
8021.3%1.0

6366.8+0.5

TU66.7+1.0

5822.6+0.5
5566.7+1. 3
6292.941.2
6385.6+1.3
7625.540. 7
6101.3%0.6

7388.2+0.5

ouTPUT

RESIDUAL RESIDUAL

CHANGE
0.0

-0.5



NUCLIDE

142p,.
147N
147pnm
1525,
152p
154y,
"155my
155gn
165m,
165Dy
16610
171py
169wy
170mpp,
171mp
175Yb
176714

SECTION ¢
(g~ except

INPUT
VALUE

2164.0+2,0
895.2+0.8
224.610.6
1867.0+9.0
1828.0x7.0
1980.0x5.0
247.043.0
1630.0+11,
371.0t6.0
1290.0%10,
1854.0+4.0
1490.022.0
344.0+4.0
968.2+0.7
97.0x1.0
he7.0%2.0
1193.614,2
497.0+1.0

BETA DECAY Q-VALUES
were noted)

CORRECTED
VALUE

2162.8+1.9
895.240.9
224.640.6
1881.0%4, 2
1811.444 .5

1981.2+4 .5

246.9+3.2

1629.449.0
380.0%1.7
1290.242.7
1853.341.3
1492.141.6
353.541.0
968.040.7

97.5%1.0
470.041. 4
1193. 6445
497.0+1. 1
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(KeV)

ouTrPUT

RESIDUAL RESIDUAL

-1.2
0.0
0.0

CHANGE
-0.3
0.0
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features of nuclear structure such as the major shell
closures at 28, 50, 82 and 126 neutrons, and the onset of
deformation for nuclides in the region around 90 neutrons
(Wa71) .

Apart from the transition region (N=88 to 92) where
nuclear deformation sets in, the Son curves exhibit very
strong correlations between elements (e.g. Du69, Me71). 1In
particular, if plots for even-N values and odd-N values are
Sseparated, then the 1line drawn between two adjacent 5,n
points for one element are usually very hearly parallel to
similar 1lines between points for the same two N values for
other elements.

The plot of the S,, values for even-N nuclides between
100 and 114 neutrons is given in fig. F6-3,. The hafnium
measurements described here (sect. 6.3) have improved the
precision of that portion bf the curve, but have not
significantly affected its shape. Related recent
measurements by this group in tungsten and hafnium (table
T6-10) have substantially changed the S,, curves in this
region and show that the curves closely follow +he above
described systematic behaviour. In particular, the
High—low—high slope pattern between 104 and 110 neutrons is

now seen to occur to nearly the same extent for all the
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TABLE T6~10

S, __VALUES
.._2 n———————

DERIVED FROM RECENT MANITOBA MEASUREMENTS

(Ba73)
MEASUREMENTS
18
0 o, Sy - 180y P01, = 2h k21 4 9y
giving S (1831)2 = 21 006 + 8 kev
oge 351 - 1Tge 3Tcy = 4 103 + 23 1y

ADDITIONAL DATA

Sn (183W) = 6:191°4 + 14 kev (Wa 71)
S)-.ln (l82w)

i}

30 071 + 100 kev (Go 72)

SEPARATION ENERGIES

Sen(182w ) = 83y (183y) _ s, (183y)

1k 815 + 8 kev
('71 Mass Table = 14 700 + 200)

Sop (1804 = S\ (182w) - s,, (182y)

1}

15 255 + 100 kev )
('7T1 Mass Table = 15 370 + 220 kev)
Son (LTOHE) = 15 069 + 21 kev

('T1 Mass Table = 1k 942 + 30 kev)
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elements  involved. The high slope portions have been
intéfpreted (Ba73) as representing unusually large spaces
between the Nilsson levels (i.e. above the 5/2- [512] (N=104)
and 9/2+ [624] (N=lOé) levels) and the 1low slope as
representing a small space (above the 7/2- [514] (N=106)
level) .

It is interesting to note that Ogle et al. (0g7l1l) have
calculated single particle levels for a deformed harmonic
oscillator potential, considering the effects of both
quadrupole and tetroidal deformations. They present
diagrams that show that the general featgres required by the
experimental results are réproduced. In barticular, the
introduction of a small positive tetroidal component
improves the agreement with the sizes of the level spacing
and leads- to the corfect brdering of the levels between 94

and 110 neutrons using the deformations measured (Mo59).
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CONCLUSION

The Manitoba II 1 metre 'high resolution mass
spectrometer has been modified for measuring wider mass
differences than those previously possible with this
instrument., Errors encountered, found to be due to surface
charges, were minimised and compensated for. Measurements
were made for doublets with a separation of 1/3,000, and,
with the aide of a computer - assisted matching system, a
precision as high as o/M = l.7xid& was acheived on the
c 1 H, - c*1 D, doublet. This result was found to be in
excellent agreement with other measurements. Measurements
were also made on the mass difference between lutetium and
neodymium and several narrow measurements in the ytterbium -
hafnium region.

The measurements here have strongly indicated a
systematic error existing in previous heasurements done by
this group. Approximate compensations have been made, and a
new adjusted set of mass differences presented,

Some interesting trends have also been reinforced in

the S,n Systematics,
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APPENDIX

BLEAKNEY'S THEOREM

Although the basic equations descrlblng the motion of
charged partlcles in electric and magnetic ‘fields existed
well before the turn of the century, the formulation
published by Bleakney in a short footnote in a teaching
journal in 1936 (B136) has assumed an 1mportant position in
mass spectrometry His basic development is presented here,
together with some conclusions applicable to this thesis.

The force F at any given point on an ion of mass m and
electric charge e moving with a velocity V in a combination
of electric and magnetic fields E, B, is described by the
Lorentz force equation:

F = e (E + vxB) (A-1)

-~ ~ ~ ~

and since
F =m vedv / ds (A-2)
where s is the distance along the trajectory, then we can
write
myv.dv / ds = e ( E + Y XxB) . (A-3)

From this equation we can derive the trajectory of the
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ion, given a knowledge of itsg initial velocity , and the
electric and magnetic field vectors at Aall points on the
trajectory.

If we now change the values of m, v, E, B and e
throughout the system by multiplying them by scalar
constants ¢, &, 1, « and v respectiveiy, then equation Aa-3
becomes

t&’m vecdv / ds = ve (tE + &k v x B) (A-4)

~ ~

which will become identical to equation A-3 provided

LE = vt = vix (A-5)

Hence the two systems described by equatioﬁs A-3 and:A—4
will have identical trajectories subject to condition A-5,

which can be re-expressed as

TE2 = 1 (A-6)
' VK
and TE = 1 (a-7)

which is equivalent to saying
e E/ K = const (A-8)
and e B /|P| = const (A-9)
where K is the kinetic enerqgy of the ién, and P is its

momentum,
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If we consider a situation where the electric
field system and the charge of the ions remain constant
(T =v = 1), and the same trajectory is maintained for
changing B, then we obtain from a-6

E = 1/V¢ (2-10)
which can be substituted into (A-7) obtaining

< = Vg . | (A-11)
This can be re-expressed as

M« B® , (A-12)
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NEUTRON SEPARATION AND PAIRING ENERGIES IN THE REGION 82 <N <126*

H. E. Duckworth, T R. C. Barber,t and P. Van Rookhuysen{
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and
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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.

19642 and 19653 some of us reported a se-
s of precise atomic-mass differences in the
rion N ~ 90, which provided accurate informa-

concerning the mass effect associated with

onset of nuclear deformation in that region.
have since extended this work substantially,

g improved techniques and employing both

original high-resolution mass spectrometer*

a newly constructed one,’ and can now pro-

b a fairly complete picture of the mass sur-

b between the 82- and 126-neutron shells. :
details of this work, including the major
ments on its interpretation, will be reported
ue course in a series of papers, but the over-
bicture is sufficiently informative to warrant
prior presentation.

5 in earlier work, most of the mass differ-
bs have been obtained by studying doublets
e type

= AX ISSCI—A -2X237C1,

re X, and X, may or may not be isotopes of
same element. The fractional spacing of the
ous doublets studied ranged from one part
400 to one part in 115800, The error associ-
with AM was usually in the range 1-4 keV,
e the ¥'C1-*Cl mass difference is known to
eV,%” double-neutron separation energies
an be calculated to virtually the same pre-
bn as AM, viz.

b0 = 2n—(4X 472X )

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

ases in which the doublet contains isotopes
e same element. For cases in which iso-
5 of different elements are involved, the

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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FIG. 1. Plot of double~neutron separation energy (S,,) and of neutron-pairing energy (P,), both as functions
neutron number. Data are for isotopes of the even~Z elements in the region 825N § 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
=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 disappeararice is indicated by the large sep-
arations between the curves for Z =74 (W), Z
=76 (0s), 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®®

Po(N) =(-D)M[2S4N)-S,(N-1)-S,(N + D]. (3)

These pairing-energy curves are a refineme
and an extension of the pioneer work of John
and Nier® and Johnson and Bhanot!® who dre
tention to maxima in the region of 90 and 11
neutrons. With reference to the lower porti
Fig. 1, attention is now drawn to the followi
specific features:

(g) At N=90 the neutron-paxrmg energles
a definite maximum for Z =62 (Sm) and Z =
(Gd), a probable maximum for Z =60 (Nd),
a possible maximum for Z =66 (Dy). The g1
est effect appears to occur at Z =62 (Sm) 3
Z =64 (Gd).

(h) A second maximum in the neutron-pai
energy appears to occur at N =116, althoug
curve for no element actually passes throug
maximum. But the curves for Z =76 (Os) a
Z =178 (Pt) suggest the existence of this ma?
mum, and those for Z =74 (W) and Z =80 (
are not inconsistent with this hypothesis.

(i) Between these two maxima, the neutrg
pairing energy appears to decline steadily
minimum in the region 106 <N <108, This
undoubtedly related to the transition regio
ferred to in comments (d), (e), and (f) abo

(j) The pairing energies for Z =80 (Hg) a
Z =82 (Pb) appear not to follow the same t1
as they approach the 126-neutron shell.

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

15 SEPTEMBER 1
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A High Resolution Mass Spectrometer for Atomic Mass Determinations®

R. C. Barper, R. L. Bisuor,t H. E. Duckwortr, J. O. MEREDITH,
F. C. G. SournoN, P. Van RookuUvzEN,I axp P. WILLiAMS
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(Received 10 August 1970; and in final form, 24 September 1970)

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 2.5 X107, corresponding to ~250 eV at M = 100 amu; typical pre-

cision is ~5X107%,

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 v=1,(1+8) will fall a
perpendicular distance '

y5=am{ Bro+ Bof-+ Bua®+ Broaf+ B2sfs?} 0

rom the optic axis after traversing the two fields. The
oefficients depend upon the distance I”,, traveled from
he magnetic field boundary.
The well known theory of Herzog! allows field arrange-
ents to be chosen for which By=B,;=0 (for a particular
"), thus providing first order double focusing. Subse-
juently several instruments which additionally provide
B.,=0 were designed and built.>® Finally, in 1959,
intenberger and Konig” reported an extensive study of
he second order focusing properties of such fields and
broposed a number of arrangements which provide com-
lete second-order double focusing (Bii=Bi=Bn=0).
In 1963, when planning of the present instrument was
egun, no high resolution mass spectrometer possessed
omplete second-order double focusing. Since then,
atsuda ef al.5% have described a novel high resolution
hass spectrometer which theoretically achieves this objec-
ve. In practice, however, the measured second-order
befficients 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
K&nig,” 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 I",)
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,
a.. The individual lengths Iy I”o ¥m, and ¥, are also
relatively short so that problems due to mechanical vibra-
tion and stray magnetic fields are minimized.

(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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The object slit Sy 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;, So is 2.7 x width. The maximum value
of @ is 1072 rad, although S, is usually set to limit « to
#2X107% rad. Sg is typically set to correspond to 8=-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

Fre. 2. Ion source.
A—Sample; B—oven;
C—Re filament (coated
with LaBg); D—ribbon
heater and BN insula-
tion; E—Cu windings
for electromagnet; F—
5 cm.

¥4 BrASS
[ IRON

Fre. 1. Geometry of the mass
spectrometer: ¢,=100.00 cm; &,
=94.65°; am=62.74 cm; ®,,=90°;
Ve=4445 cm; l",=17.63 cm;
/n=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 folloy
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 iong
are extracted through the front hole.

For total electron emission currents of 5 to 100 mA, ion
currents from 0.5 to 25 zA have been obtained with a
energy spread of less than 2 eV. In the work done to date
the samples have been solids (CdCl, or rare earth chlorides]
which are vaporized in the oven.

The source arm is shown in the upper right corner o

~ Fig. 3, which gives a view of the entire instrument. Th¢

ion beam is centered and focused on the principal slit b
means of an electrostatic quadrupole lens. The positio
of the slit Sy relative to the electrostatic analyzer can b
adjusted by a rotary table mounted on the I-beam suppor|
which, in turn, is bolted to the electrostatic analyzer basg

C. Electrostatic Analyzer

The electrostatic analyzer is a cylindrical condenser g
mean radius ¢.=1 m and sector angle ¢.=94.65° as ind
cated in Fig. 1. The analyzer gap is 2 cm and the field
terminated at the physical boundaries by blocks positione
according to Herzog’s theory.!t :
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«@VIBRATION MOUNT

F1c. 3. The mass spectrometer.

Further details of the construction of the analyzer are
own in Fig. 4 which is a cross sectional view through one
the five positioning assemblies. The analyzer plates,
hich are made of gold plated Armco iron, are supported
v fused silica blocks which, in turn, rest on the analyzer
hse. The size of the gap is determined at each assembly
iy a pair of cylindrical fused silica spacers. The position
the plates relative to the reference surface may be
ljusted by means of the locating screws on each of the
hter mounts. The inner mounts have an Inconel-X spring
angement which presses the entire assembly together
d against the outer positioning mounts. In this arrange-
ent, the total variation in the mean radius of the analyzer
~0.003 cm (with respect to the reference surface). The
al variation in the gap is ~0.001 cm over the entire
pa of the plates and much less in the more limited region
ough which the ion beam actually travels. This results
marily from differences in spacers (ground to 2.0000
D.0003 cm) and variations arising in the grinding and
troplating 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 ~5X107® 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
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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 366X 2.5 cm steel plate with a grid of 20 cm
Lbeams 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-cm™2 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 thg
spectrometer table. A second ion pump (50 liters/sec) i
suspended from the collector arm and typically prodﬁce
a pressure of ~3X10~® Torr during operation of th
instrument.

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

Because of the location of the 50 liter/sec ion pump,
contributes a noise current of ~107% A in the electr(
_multiplier which can be objectionable when peaks of ve
low intensity are studied. In this case the pump may
switched off and the noise thereby reduced to less th
1079 A,

F. Focusing Procedure

Prior to the start of construction the focusing prop
ties of this instrument were investigated in some detai
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In partlcula,r the effect on the focusmg of a nonumfoun_

| 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 (a,,,ngB) and direction focus (anBiia?)
would not be altered by small 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, B, 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 Blz 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
p second order focus as well.

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

The general procedure and tests for focusing are similar
o those used in focusing the 2.74 m radius mass spectrom-
ter formerly at McMaster University.” To check the
relocity focus, the ion energy is changed by ~22 V on
very second sweep of the display oscilloscope. Lack of
elocity focusing results in one peak being displaced with
espect to itself. The direction focus is characterized by a

arked improvement in the resolution of the peaks. Addi-

onally, the quadrupole lens may be used to vary & and
us permit a test of the direction focus.

In the initial focusing, the principal slit was positioned

its theoretical location relative to the electrostatic

alyzer and the distances (I.+7,.) and I, (see Fig. 1)

ere set at their nominal values. The electrostatic analyzer
us source arm was then adjusted relative to the magnet
p correct for the fringing field.

In the subsequent routine focusing, the first half of the

strument consisting of electrostatic analyzer plus source

m is swung about the intermediate direction focus. The

bld necessary to bring the ions to the same point on the

cilloscope screen is a maximum for some particular
gle. If the direction focus occurs at this same angle,
en the direction focus of the electrostatic analyzer is
ing formed at the pivot axis. Invariably both the direc-

n and velocity foci occur near this angle and a minor

justment in I'» (to move the direction focus) or a lateral

bvement of the collector (to move the velocity focus)
sufficient to achieve a double focus.

Near the double focused arrangement, a further test

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

48 35 37
Nd CI Ci

TEE
Nd Cl,

150 35 148 35 37

Sm Cl, Sm Ci CI

Fre. 5. Oscilloscope display of the electron multiplier output.
From the left the peaks are 50Nd%Cl,, 50Sm3Cl; WENdsCICl, |
48Sm3CI7Cl, and 46Nd#Cly. 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 a dependent, B, 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: B1;<0.1, B1,<0.2, and
B33<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 4th
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 V-+AV, 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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Fi1c. 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.

BARBER ET AL.

Although this-technique is basically similar to one used
previously in our laboratory’” and .more recently by
Matsuda ef al.,2® 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 o 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 io
currents arriving at the analyzer plates are muc
reduced.

The mechanical chopper which switches AV on and o
also includes a switch used to supply a master trigge
pulse at a repetition rate of ~19 cps (Figs. 6 and 7). Thij
pulse is used as the external trigger for the display oscillo
scope and the Fabri-Tek 1024 channel signal average
(FT1052).

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

The signal averager effectively divides the trace in{
1024 intervals, integrates the voltage over each ti
interval, and stores a number from —64 to 464 propo
tional to the integrated voltage in the correspondi
memory location. Successive traces are added in order
improve the signal-to-noise ratio. The memory conte
are continuously displayed on a second oscilloscope.

The application of the signal averager to peak matchi
follows closely the work of Benson and Johnson* and th
of Macdougall.?® A circuit, incorporated in the averag
switches between add and subtract modes on successi
sweeps. A peak for mass M is added to the memory on o
numbered sweeps while a peak for mass M’ is subtractj
on even numbered sweeps. Thus, when the peak heigh
are made equal by gains A and B, and the peaks appear|
the same stage of the oscilloscope trace a null sig
results. A slight mismatch results in an S-shaped er
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bnal whose phase indicates the appropriate adjustment
be made in AV to obtain a nuil.

The mass difference of a doublet may be determlned as
scribed above in eight different ways which are permuta-
bns of the following variables: the direction of sweeping
e ion beam across the collector slit, the routing of the
erence peak (M) through gain A or gain B, and the

pice of reference peak (i.e., the choice whether AV is

ded to or subtracted from V). In order greatly to reduce

E likelihood of systematic error in the final result, the.

weighted average is taken of these eight values. Before
h run, the instrument is refocused in at least a minor
v. Approximately 20 such runs are taken by at least
ee different operators and from these values the mean
| the standard deviation of the mean are calculated.
t should be noted that, when the instrument is operated
lescribed, it is adequate to test for velocity focusing by
al observation of the live display. This means that the
ine velocity focusing is actually a first order focusing.
vever, the signal averager permits a very sensitive
hod of performing the test, viz. by setting AV=0,
=22 V, and matching a peak to itself. Such a test
bmes important when a small number of runs is to be
to determine a mass difference.

II. PRECISION

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

6COILS

AV/V POTENTIOMETER|! iN SUggLY
PARALLEL

(CALIBRATION CIRCU’T)

~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 M /M obtained for the first 12 doublets
studied with the instrument as described. Here 6 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

169Tb35c12_ 165H037C12

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

20
20 24

l:a |2o 20 Ec;l 20 24]

I23456789IOII12

NUMBER OF DOUBLETS

(3M/M) IN PARTS PER I10° N

F1c. 8. Precision achieved with the mass spectrometer. This is a
histogram of values of 8} /M for 12 doublets studied (8M is the error
for a given determination and M is the mass at Wthh it occurs).
The number of runs for each doublet is 1nd1cated in the square
representing the doublet.
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* doublets where thé 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. o

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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ABSTRACT

A high resolution mass spectrometer has been used to obtain precise atomic
nass differences by means of an improved peak-matching technique in which
ff-line computer analysis is used to determine the matching condition. The
rocedure retains the improved signal-to-noise ratio achieved with a signal
verager, but offers improved precision in a given operating time and removes
rther human judgment of the matched condition. Moreover, it makes possible
comparison between the precision obtained experimentally and the theoretical
mit (derived here) determined by the instrument resolution and the number of
pns detected. Representative results for doublet spacings are presented for which
e precision (0M/M ~ 5x107°) approaches the statistical limit.

RODUCTION

A second-order double-focusing mass spectrometer has been constructed at
b University of Manitoba for the precise determination of atomic mass differences.
ptailed descriptions of the construction and performance of the instrument
e been presented elsewhere® 2. The instrument has been in use for some time
 values for 31 doublets in the spectra of rare earth chlorides have been reported
ently>.
The determination of an atomic mass difference to high precision is generally
ried out by some variation of the *“peak-matching” technique. In our case a
Rk is generated by the modulation of the ion beam across the collector slit by
nall sawtooth magnetic field derived from Helmholtz coils located between the
pnet and the slit. The ion current is detected by an electron multiplier and the

his research was supported by the National Research Council of Canada.
resent address: University of Winnipeg, Winnipeg, Manitoba, Canada.
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amplified output is displayed on the oscilloscope from which the modulating
field is originally derived. ‘

The peak-matching method depends on a theorem due to Bleakney®*
Suppose that an ion of mass M traverses a given path through the instrumen
with certain fixed potentials applied to various electrodes (V; would be applie
to the i™ electrode). Then an ion of mass M” will follow exactly the same path i
all magnetic fields are held constant and all the ¥, are changed to ¥, accordin
to the relation :

MV, =MV (1
Thus, by applying a AV to the electrostatic analyser voltage V, such that M’ fall
at the same point on the trace as M, AM may be calculated from

AM AV | (

M’ Vv
The precision on the value of AM depends on the determination of ti
matched condition and on the subsequent measurement of the AV/V rati
Apparatus for the latter measurement was described by Barber and Bishop®. T
limitations on determining the matched condition will be discussed below.
Originally, the peak positions were compared visually via an oscillosco
display (e.g. ref. 6). Subsequently a signal averager with a 1024 channel digi
memory was used on-line to detect the Jack of coincidence of the peaks®
(herein referred to as the ““visual-null method”). Traces corresponding to
reference peak are added to the memory while those for the displaced peak
subtracted from it. If the peaks are matched in position (and amplitude), a n
signal results; if they are slightly displaced, an “S”-shaped error signal is obtain
The use of a signal averager significantly increases the signal-to-noise ra
and thereby improveé the precision with which a match may be determined.
variation of this method is the “spectrum-stripping” technique of Stevens a
Moreland® where the reference peak and the displaced peak are stored in separ
halves of adigital memoryand the difference (with a factorto adjust the amplitud
is taken by an arithmetic operation in the analyser. The amplitude of the resul
error signal is normalized by the reference peak and is taken as a measure of
degree of mismatch. Several runs are made with AV on either side of the expe
value, and a straight line fit is used to calculate the correct setting for a ma
An alternate procedure was to calculate the centroids of the peaks and to use
the straight line fitting, the variation in peak position with AV. A similar met
is used by Matsuda et al.*°.

DETERMINATION OF THE MATCHED CONDITION

Since the location of one peak relative to another must be calculated
error in the separation is the root of sum of squares combination of the err
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locating each peak position. Several authors''? consider that the centroid or

weighted mean is the best unbiased estimate of the centre of a mass peak. Consider
h peak occupying channels x;, i=1,2,3,..., I, ofsomerecording device and let the
peak height in the i, channel be n;, equal to the number of ions (counts) accu-
ulated in that channel. Since the number of counts n; obeys Poisson statistics, the
itandard deviation of »; is \/n;. Moreover each of the n; is independent. The
hverage position, or centroid of the distribution is given by

o LM 3
S, , 3)

here the summation convention Y’ = Y is used. The variance of X, denoted by ¢*
n=i

s given by the generalized rule for propagation of errors'®. Using the fact that

he variance for the height in each channel is #;, and that »n; is independent of n;,

2 is seen to be

2 = 1 oy (an) Zan Y
o (T ey T )@

ow let N be the total number of ions in the peak fromi = 1toi = L
Ym=N )

en

2_—1 n-x-z —1 n~x-2—-£ n;x; Yy n;X;
_NZ(Z L1+N(Z l:) NZ HZ ;;) (6)

ich reduces to

1 2 =2
= NZ—(Znix,- — NX?). @)

is can be immediately recognized as the same result that is obtained for the
iance of the mean of a normal (or Gaussian) distribution having each value of
occurring u; times, viz.
) .
X, —X
_ Sam-9? )
N (N 1)

ch can be put into a more convenient form for calculation as
2 _ Y nx?— Nx* ©)
N(N-1)

large N, say greater than 30, eqns. (7) and (9) are the same to better than 3 J7.
Equation (7) may be rewritten in a form which shows explicitly how the
hdard deviation of the mean depends only on the total number of ions counted,

. Mass Spectrom. Ton Phys., 10 (1972/73) 361




N, and on the shape of the peak. Suppose we normalize the area of the distribution
in each case, and use a set of numbers f; to describe the peak shape, such that

n=f;- N. (10)

Then o,, for the mean is
JN(Zf‘ —%) | (i

In a high resolution mass spectrometer for precise atomic mass deter
minations, the ideal peak shape is an isosceles triangle, while for isotopic abund
ance measurements it is rectangular. When eqn. (11) is evaluated for a triangle o
base width W, then

O-m

or _ 1 1 '
= =0.20——. 12
W \/ 24N JN (
For a rectangular peak of width W,
Or _ __L _ 029 L (1
w 12N JN

Equation (12) yields the same result as that calculated by Campbell and Halliday
for a triangle with large N approximated by a Gaussian.

In addition to this purely statistical limitation to the precision of a doubl
measurement, a further practical limitation may exist due to the presence of
small modulation in peak position. This may be caused either by electric
magnetic a.c. fields or by vibration of the apparatus. In either case, the positi
of the peak is sinusoidally modulated at a beat frequency f3 with some amplitu
A that is a fraction of a peak width. This means that if the peak is collected
exactly an integral number of oscillations, there will be no systematic error int
duced into the peak position.

Generally there is a non-integral number of oscillations, so that there i
random contribution added that does not represent the true peak position. T
contribution, on the average, introduces a bias in the position of the mean
2AW/r, so that the calculated position of the centroid is shifted by an amo

o= + 24W (
TC(N B + ’%)

where Ny is the integer number of complete oscillations or “beats” of the syst

If Ny > 30, the error introduced by neglecting the } is negligible. The system

bias, ¢, varies as 1/T while o,,, the statistical standard deviation of the centr

varies as 1/\/ T where T is the elapsed time. Hence

& o 4 24

W afs T
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independent of the ion current, or intensity and

0.205
e (16)
w \/_’ .
where I is the ion current, and e the electronic charge.
ence
[ i3.10A _1_ (17)
g fB eT

It is seen from eqn. (17) that ¢/ is large if I is large, and gets smaller as T'
ncreases. For very intense peaks the collection time tends to be short, so the
elative size of this systematic error is increased. Also, since eqn. (15) is indepen-
lent of I, the contribution of the bias in each of the two peaks being matched is
bf the same magnitude and so the total bias introduced into the determination
b{ the mis-match is /2 &. .

Finally, it should be noted that the “‘systematic bias”, ¢, is a bias in the cal-
ulated peak position for a single match, and, as suggested in eqn. (14) et seq.,
ay be of either sign. It will be seen below, that many individual matches are made
order to obtain a final value for a given mass difference. In this way, the effect
f the presence of the “systematic bias™, ¢, is to increase the spread. of the results,
hther than to alter significantly the final value obtained for the mass difference.

E QUADRANT SYSTEM

As will be apparent, the experimental technique employed in this work is
b improved version of the ‘“centroid” method referred to earlier. The 1024
annel signal averager (Fabri-Tek FT1052), used originally for the visual null
pthod?, has been modified by splitting the memory into four sections of 256
annels. During the first quarter cycle with AV = 0, a signal proportional to
e reference peak of mass M is stored in the first quadrant. During the second,
rd and fourth quarter cycles, signals with AV;, AV, and AV, added to ¥, are
pred in the second, third and fourth quadrants respectively. The accumulated
mory contents are illustrated in Fig. 1 where the quadrants are shown one above
p other. Generally, AV is set near the expected value with AV, = AV,—6V
L AV3 = AV, +0V set about 0.1 % to 1.0 % below and above AV,.

Either M or M’ may be used as the reference peak, i.e. AV may be added or
ptracted. Also, the ion beam may be swept in two different directions. Finally,
AV “staircase” may increase (N) or decrease (B) as shown in Fig. 2. Per-
tations of these arrangements lead to eight different matching configurations.
prder to reduce the possibility of systematic error due to the method of matching
pight are used, and the weighted average is the value associated with one “run”’.
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Quadrant '2 , AV}

Quadrant 3, AVp

Quadrant 4, AV3

1 64 128 192 256
Channel Number

Fig. 1. Memory contents for N, Add, Forward. My is the reference peak and My, the ligh
member of the doublet, is being matched to My. Points A, B, C, and D are used for calculati
the base line. Points B’ and C’ at the 15 9 level are shown for the first quadrant. An expand
diagram of the parabolic approximation is also shown.

Figure 1 is an idealized display of the memory contents for N, Add, Forwa
after collection for several minutes. The lateral displacement of the peaks
exaggerated here. Usually, the peak occupies more than 100 channels in the ce
of each quadrant.

In Figure 2 we show the wave forms necessary to carry out the match
operation illustrated in Fig. 1. The AV wave form is derived from a mechan
chopper (Guildline 9745/4) driven by a synchronous motor via an “O”-ring
separate trigger signal is taken from independent contacts on the chopper in o
to start the address advance for each quadrant in turn. In the earlier work repoy
here (Tables 1 and 2), the data collection interval (thick line) was 25.6
(100 psec/channel) followed by a dead time of 7 msec. Voltages, V" and V,,
switched to new values as indicated in Fig. 2 and a further dead time of 10
occurs during which transients become negligible and the process continue
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ig. 2. AV wave form and synchronization. AV, is shown reduced by a factor of 25. The AV

ignal is shown as an increasing staircase (), or decreasing (B). The heavy. part of the trace
dicates when the sawtooth modulation is applied and the ions are collected. The time scale
dicated is that used for Tables 1 and 2. See text.

ABLE 1
16CA35CI—11*Cd37Cl M/AM ~ 34600

Resolving power
FWHM® (AM|Ws)* AM(ux) Cini(u#)  Gex(ur)
(x 10%)

123 1.79 4343.7 0.89 3.7
168 2.43 4351.8 0.60 4.0
165 2.38 4350.3 0.65 2.5
117 1.69 4345.7 0.85 3.9
140 2.02 4351.8 0.57 2.9
157 2.27 4347.0 0.57 2.5

average R 48104
weighted mean 4348.7+1.2 pu
mean of previous direct
determinations? 4347.94+1.3 pu
1971 mass evaluation® 4345.312.6 uu

WHM = full width half maximum.

ere W is the width of the peak as the level 5% of the maximum peak height.
irge ratio, R = Gexy/Cins-

ef. 19,

ef. 20.
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TABLE 2

114Cd3scl__112Cd37Cl M/AM~42000

Resolving power :
Date (1971) FWHM(x10%) (AM/ Ws)*  AM(uu) Oyt (ptt) Cext(Uilt) R
March 17 163 1.94 3553.8 0.54 2.1 3.9
March 17 152 1.81 3547.6 0.25 1.2 4.8
March 18 156 1.86 3546.3 0.28 1.5 5.4
March 18 150 1.77 3545.3 0.27 2.8 10.4
March 22 145 1.73 3551.6 1.13 2.6 2.3
March 22 139 1.66 3549.9 0.71 2.1 3.0
March 25 176 2.10 3547.9 0.57 2.0 3.5

average R 4.841.0

weighted mean 3548.5+1.0

mean of previous direct

determinations® 3547.7+0.9

1971 mass evaluation® 3554.61+2.9

a Here W is the width of the peak at the level 5 % of the maximum peak height.

b Ref. 19.
¢ Ref. 20.
TABLE 3
148N@35Cl, — 146Nd35C1*7Cl MJAM = 32400

Resolving power
Date (1972) FWHM(x10%) (AM] Ws AM(uu) Oine () Oext (L)
Jan. 11 147 2.25 6728.0 1.31 3.64
Jan. 11 153 2.33 6729.0 1.04 1.54
Jan. 11 157 2.43 6723.7 0.84 1.21
Feb. 2 133 2.05 6726.6 1.03 2.12
Feb. 2 194 2.91 6726.1 0.83 1.36
Feb. 10 163 1.93 6723.5 0.84 2.52
Feb. 10 153 2.18 6725.0 0.95 2.71

average R 22402

present value 6725.7+0.8

mean of previous mass®

spect;c_)metric values 6721.84+2.2

1971 mass evaluation® 6726.1+3.1

least squares® 6721.9+1.6

Manitoba 2.7 m*® 6726.0 ;\;0.9

a Here Wi is the width of the peak at the level 5% of the maximum peak height.
b Ref. 19. .

¢ Ref. 20.

4 Ref. 21.

e Ref. 22.
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more recent work (Table 3), for reasons which will be discussed, all of these times
were reduced by a factor of two. In each case the oscilloscope sweep is adjusted to-
coincide with the quadrant sweep. The memory is read out on magnetic tape, and
the procedure repeated for all eight configurations. Many runs may be stored on
one tape before analysis proceeds.
The analysis is then carried out, off-line, on the University of Manitoba
IBM 360/65 digital computer. The points A, B, C, and D in Fig. 1 are identified by
visual inspection, and read into the computer on punched cards. The base line is
calculated between A and B and between C and D. This base line is subtracted
from the peak between B and C. As noted in previous work® 1°, the overlap of
even small tails from the peaks has the effect of reducing the calculated separation
if all of the peak down to the base line is included in the calculation. In this work,
only that part of the peak lying 15 9 above the base line is used.
To determine the height of the peak, a parabolic approximation is assumed
near the local maximum®®. A seven point least squares smoothing is carried out!®
o obtain a more reliable value of the peak height. Starting at B, the beginning of
he peak B’ is taken as the first of three consecutive points lying above the desired
59 level as shown in Fig. 1. In order to treat the leading and trailing edges sym-
etrically, the programme then goes to point C and searches backwards for three
onsecutive points lying above the desired cut-off level. The first of these is taken
hs C’, the end of the peak.
After subtraction of the base line, the peak height is converted to the number
bf ions by multiplying by a calibration constant. The centroid -and first four
oments of the distribution between B’ and C’ are calculated. The second
oment allows the calculation of the standard deviation; this agrees with the
stimate of eqn. (12) to within a few percent when the cut-off level is ~ 15 %.
After finding the centroid and standard deviation of the peak in each qua-
rant, the displacement D,, D, and D of the peaks in quadrants two, three and
pur relative to the reference peak in quadrant one, are calculated. A straight line
fitted to the pairs of points, (D;+d;, AV;+v,), i = 1, 2, 3. The least squares
ocedure developed by Williamson'” takes into account the errors in both
bordinates and calculates the slope, intercept, error in slope and error in intercept.
he matched condition is D = 0; thus the intercept of the fitted line on the AV
is 1s the desired AV. The calculated error in the intercept is within a few percent
the error predicted using eqn. (12) and total number of ions in the “match”.
To justify the linear fit, ten different measurements were taken, each with
B = 0 (that is, a given peak is matched to itself) but different 6V’s applied
vering the range usually used, and extending smaller and larger as well. A
aight line, then second and third order polynomials were fitted to the resulting’
of about thirty points. This was done for each of the eight different matching
nditions. In each case the coefficient of the quadratic term was three orders of
hgnitude smaller than that of the linear term, and had the same sign for both
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positive and negative slopes. This is smaller than the errors in the intercept and
‘the slope. Moreover, if the quadratic term were neglected the results would be too
high for lines with positive slope, and too low for those with negative slope. Thus
the small effect cancels over a complete run. If the curve were “S”-shaped, little or
no error in the intercept would result. However, fitting a cubic resulted in essenti-
ally unchanged lower order coefficients, and the cubic coefficient was four orders
of magnitude smaller than the quadratic.

In matching a peak to itself it was noted that the peak in quadrant 1 was
shifted by a small amount with respect to the other three quadrants. This was of
the same order of size as the error of locating a single peak, and became apparent
only after considerable work. The effect would yield results too high for fits with
negative slope, and to low for those with positive slope. Thus, although no bias
would be introduced, the spread of the eight intercepts would be unnecessarily
large. Accordingly, a correction was applied to the displacement D; before fitting]
the straight line. In the earlier work (Tables 1 and 2) this correction was 0.1840.02
channels while in the more recent work (Table 3) it has been reduced to 0.044-0.0
channels.

RESULTS

Initially two well known doublets in the spectrum of cadmium chioride wer
studied to test the technique. The data obtained for individual “‘runs” on thes
doublets, the actual operating resolving power, the “internal” and “external
standard deviations (following the definitions by Birge'®) and the Birge rati
(R=0,,/0n,) are summarized in Tables 1 and 2. Each value of AM is, as describe
above, the weighted mean of eight values corresponding to the eight differe
matching configurations.

The values of the internal errors, here derived from the matching analysi
are in good accord with the error (~ 0.35 yu at M ~ 200 u) estimated on t
basis of eqn. (12) and thus represent the lower limit of precision which is attainab
in principle with the number of ions collected and the resolution used.

As is evident from these tables, the external error in this early work was,
the average, about a factor of five larger than the internal error. This means th
differences between results from the eight configurations were larger than would
expected on the basis of the number of ions collected and the resolution of the m
spectrometer. :

It was subsequently determined that, for the results given in Tables 1 and
the larger spread of the eight matches is due, at least in part, to a building vibrati
at 6.8 Hz which is not sufficiently attenuated by the vibration isolators whi
support the mass spectrometer. This results in an oscillation of the displayed pe
at a beat frequency of ~1 Hz and with an amplitude of about 1/25 of a peak wid
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Such an oscillation would not likely be noticeable in visual matching. However,
when eqn. (17) is evaluated for ion currents of ~3x 10™'% amp, 4 ~0.04 and a
~ollection time of 1 to 1.5 minutes, an estimate of \/ 2 ¢/o is found to be 3.7. This
value is only slightly smaller than the average value of R given in Tables 1 and 2.

In calculating the final weighted mean, o.,, was used, and the final error
quoted is the larger of the new o, or o;,. Both are about the same size (i.e., the
1ew R ~ 1), and so the assignment of error to a run is seen to be realistic. More-
yver, the reproducibility of the spectrometer from run to run and from day to day
s asigood as its stability from match to match within a given run. = 4

Also presented in Tables 1 and 2 are values which are the weighted averages
f several determinations of these particular doublets. These determinations were
arried out at different times over the last nine years by this group both at Mc
Master University and at the University of Manitoba'®. It is seen that the present
vork is in excellent agreement with, and has achieved the same precision as the
esult of all past work, on the strength of only six or seven runs (two to three hours
f machine time), in spite of the relatively large contribution to the error arising
rom the vibration problem.

It will be noted that agreement with the 1971 mass evaluation?® is poorer,
ut is not of the nature of a systematic bias. In this evaluation only one rather old
/alue for each doublet was used as input.

Following the work reported in Tables 1 and 2 and the identification of the
ibration problem, the chopper frequency was changed to 11.3 Hz so that f; is
ow ~4.5 Hz and consequently (€/0)yiprasion 18 reduced (eqn. 17) by a factor of ~4.
his modification decreased all time intervals indicated in Fig. 2 by a factor of 1).

On the basis of the analysis above, the Birge ratio for a single run might be
pressed as

/2¢\2 2 A
= (20 )
Gint/ vibration Gint/ a.c. Oint/ statistical -

hus, the removal of this major contribution to R will probably not reduce it to
ity because of the presence of very small modulations of the beam by electric
magnetic fields.

In Table 3 we present recent results for the *#®*Nd33Cl—*Nd37Cl mass
erence. As expected, the value of R in this case has been reduced (actually
2.2) and the new value is more precise than any of the comparison values. The
mparison values are (a) the mean of all previous mass spectrometric determi-
tions of the doublet by this group, (b) the 1971 mass evaluation which combines
ss spectrometric data with nuclear reaction and decay Q-values but does not
lude any. of the recent values in this region reported by Barber et al.?, (c)
imilar least squares adjustment by Meredith and Barber®! which includes these
ent data, but not the doublet determination reported here, and (d) a recent
ermination is our laboratory using the 2.7 meter instrument.

'J. Mass Spectrom. Ion Phys., 10 (1972/73) 369




In summary, the variation of peak-matching described herein is now being
used routinely in our extensive study of precise atomic mass differences. The
improved signal-to-noise ratio which is achieved with a signal averager is retained.
Human judgment of the matched condition has been further removed in this
technique, and improved precision has been achieved in a shorter operating time.
Finally, the analysis makes possible a comparison between the precision experi-
mentally obtained and the theoretical limit determined by the resolution and the
number of ions detected. Although this work has been applied to peak matching
with highest precision currently attained, the general considerations and the
experimental technique are applicable to peak-matching experiments of lower
precision.
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Part 3 Niass Spectmscopy

Recent Determinations of Atomic Mass
Differences at the University of Maniteba
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1. Introduction :
For some time a systematic study of atomic mass differences be-
tween naturally-occurring nuclides in the region above Pr has been in
1 . progress in this laboratory. This region has been of special interest
inasmuch as the mass differences and masses have, until recently, been
 least well known here. Moreover, it is in this region that strong nuclear
deformation makes its appearance. '

A substantial body of data on which this study has been based was
obtained using the 2.7 m. radius Dempster type mass spectrometer and
has appeared in a series of three papers [1, 2, 3]. More recently, a new
mass spectrometer, constructed at the University of Manitoba has been
used to improve the precision of some data, and also to include in the
study values for doublets not previously studied, particularly those involv-

~ing isotopes of low (< 0.2%) relative abundance.
2. The Mass Spectrometer , :

‘ The instrument was constructed according to the second-order focus—
ing theory of Hintenberger and Konig [4] and employs a 94.65° cylindrical
electrostatic analyser of radius 1.00 m followed by a 90° uniform magnetic
; field. Tt was normally operated with a resolving power (AM/M) of 100,000
i " to 150,000 measured at the base of the peaks. The reader is referred to

detailed descriptions of the instrument in its early [5] and present [6]
o ~ forms which have appeared elsewhere. o : '

i The determination of the mass difference between members of a
doublet depends on an exact theorem described by Bleakney [7]. On alter—
nate sweeps of the display oscilloscope, the potential (V) applied across the
electrostatic analyser, and the source potential (Vy) are changed by the
same fractional amounts to V = AV and V, + AVa. For the proper values
of AV and AV, the trajectory of the second member of 2 doublet is dis-

1 placed to the identical path previously described by the first member (be-
fore the voltage increments were applied) and thus appears at the same
i v position on the oscilloscope screen. Adjusting the value of AV to obtain
" coincidence is the process known as "matching”. When the members of
H the doublet are so matched, the mass difference, AM, is givenAby

’ AV

AM:‘M——V

_where M is the mass of the displaced ion. _
*Work supported by the National Research Council of Canada.

R

Copy from Conferehé:e' on Atomic Masses & Fundamenbal
Constants 4, Teddington, 1971 :
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In this instrument, the determination of the matched condition has
been carried out by either of two techniques, both of which make use of a
1024-channel signal averager. The first of these is the "visual null
method" of Benson and Johunson {8] as described in reference 6. Fig. 1 is

COMPUTER
s |
3ls
(7] [+ .
[6]e]s]s]e]slalz] [2]4]
30{20
20{20 visual NULL
2020
22{20| [z0] [17]
2z|21| |20] 20] 3 .
20{20]z0{24]20[20] [24]2% o | : ) S ‘
[:a 22(20]21] 19]30| 20 nizs) 12 9" m [——6—]
12 4 6 8 0 -1 '+ 18 & 20 22 24 25

{ BM/M} N PARTS PER 107

Fig. 1. Histogram of the precision obtained by the ."visual null method."
6M is the error on the doublet and M is the mass at which the dif-
ference was determmed

a histogram showing the precision (§M/ M) obtained by this techunique for
the various doublets studied to date As is ev»ident, the typical precision
is ~5/10% :

A second technique of peak matching has recer\tly been introduced
on our instrument [9]. In this arrangement the 1024-channel memory of
the signal averager is divided into four sections of 256-channels each.
The sawtooth sweep is adjusted to coincide with the scan through a 256~ .
channel quadrant.

As indicated in Fig. 2, AV =0 durmg the first scan and so the
reference peak is stored in the first quadrant. During the second, third
and fourth scans, voltages AVy, AV, and AV; respectively are added to the
electrostatic analyser voltage, V, and the other peak of the doublet is
stored in the remaining three quadrants at three positions which bracket
the matched condition. The whole cycle is repeated many times to improve
the signal-to-noise ratio.

Usually AV, is very near the expected value while the AV1 and AV,
differ from it by ~.1% to 1% {the displacements D; and D; are much exag-

- . gerated here). As shown here the AVy, AV, AV, are in order of increas-

ing size.

» This latter order may be reversed, the direction of sweepmg the ion -
beam across the collector slit may be changed and either of the doublet
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-Quadrant J

l7paim
'Parabolic Fit

Quadrant 2, &V

Quadrant 3, AVp

Quadrant 4, AV

1 .64 . 128 92 256
Channe! Number :

Fig. 2. Analog display of signal averager memory during ’;computerv"
matching, :

members may be regarded as the reference peak (i.e., AV may be added
to or subtracted from V). These arrangements are permuted to give 8 '
different matching configurations and the weighted average of the elght
values so obtained is the value for one run.

In order to make maximum use of the information available, the peak

of interest is adjusted to occupy as many channels as is convenient in the
center of a quadrant, leaving about 30 channels at each end to establish a
base line. The memory contents are read onto magnetic tape, then the
matching configuration is changed, and the process repeated. As many
complete runs as desired can be recorded w1th minor refocusmcr taking
" place between runs. o
_ The analysis of the raw data is carried out off-line with the univer-
sity IBM 360/65 computer as follows. The spectra are plotted by the line

. printer for visual inspection, and the points A, B, C, D avre identified by
eye and read into the computer via punched cards. The base line is calcu-
lated between A and B and between C and D for each guadrant and is sub-
tracted from the peak between B and C.

The overlapping of tails from the peaks would have the effect of re-
- ducing the calculated separation. Moreover it would be desired to exclude
- from the calculations ions which have been significantly scattered. We
have therefore followed the general lead of Stevens and Moreland [10] and
have used only the part of the peak lying 15% or more above the base line.

As Campbell and Halliday [11] have shown, the fundamental limit on
the precision of locating a peak is determined by the number of ions in the
peak. The idealized shape of the peak here is triangular and the weighted

RRnR T cEa
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mean, or centroid, is 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/V24 N 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 multlplymcr by a previously
determined constant.

The centroid and first four moments of the distribution between B!
and C! are calculated. From the second moment the standard deviation is
derived; this agrees with the estimate based on W /Y24 N to within a few
percent when the cutoff is in the region ~15%. The third and fourth mo-
ments allow more detailed comparisons of peak shape (skewness and
sharpness relative to 2 Gaussian).

' After finding the centroid and its standard deviation for the peak in
each quadrant, the displacement Dy, Dy, and Dy are calculated. The errors
in the Dj are dj where dj are the r.m.s. combinations of the errors in
locating the two peaks. A straight line is fitted to the three pairs of points
(Dg + dj, AVj % v;) by the iterative least squares fifting procedure of
Williamson [12] which takes into account the errors in both coordinates.

As prescribed by Bleakney's theorem, the matched condition is
given by the intercept of the fitted line. The calculated error in the inter-
cept agrees very well with the error expected on the basis of the total
number of ions in the match.

A series of experiments were carried out to determme if the linear
. fitting was justified. In each of the eight possible matching configurations
a series of ten matches were carried out where a peak was matched to
itself. That is, AV =0 and the amounts that the peaks in quadrants 2 and
4 were displaced from the reference peak were varied over a range much
larger than that ever used in matching.

A straight line, then second and third order polynomials were fitted
to the resulting data. For each of the eight configurations it was found
that the quadratic term was three orders of magnitude smaller than the
linear term and has the same sign for both positive and. negative slopes.
The cubic coefficient was 4 orders of magnitude smaller than the quadratic
and had essentially no effect on the magnitude of the lower order coeffi-
cients.

In matching a peak to itself it was found that the peak in quadrant 1
was displaced by 0.18 + 2 channels with respect to the other three quad-
rants. If uncorrected, this would leave the mean for a run unaffected but -
would result in an unnecessarily large error for that value. Accordingly,
a correction is now applied before the fitting procedure is carried out.

Five well known doublets in the spectrum of CdCl, and NAdCl, were
studied to test the operation and precision of the system. In Table I we
present the results for a typlcal doublet, giving the working resolvmg
power (FWHM as measured from the plotted contents of the signal
averager's memory), value of AM for the given run, the "internal® and
"external" standard deviations as defined by Birge [13]. The "internal®
standard deviation is the error expected onthe basis of the errors calculated .
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TABLE I
Hog¥er-12cd%7c1 M/AM ~ 42,000

All Masses in Micro Units

Date R.P. (FWHM) AM Oint - Text
March 17/71 163,000 3553.8 0.54 2.1
March 17 152,000 | 3547.6 0.25 1.2
March 18 156,000 3546.3 0.28 1.5
March 18 150,000 3545.3 0.27 2.8
March 22 _ 145,000 3551.6 1.13 2.6
Maxrch 22 139,000 3549.9 071 2.1
March 25 176,000 3547.9 0.57 2.0

‘Weighted Mean 3548.5 + 1.0 = cf. 3547.9 = .9

for each match. The "external" standard deviation is often a factor of ~4
larger than the internal standard deviation. This means that differences
between results from the eight configurations are larger than would be ex-
pected on the basis of the precision associated with each match. The
internal error (~0.5 pu at M ~ 200 u) is the lower limit attainable with the
number of ions collected, and the resolution used. The larger spread of
the eight matches is not completely understood, but is probably due to
changes in the spectrometer operation from match to match. At present
there does not appear to be any systematic varlatlon of the result with
matching configuration.

In calculating the final weighted mean, 0gxt has been used and the
final error quoted is the larger of the resulting 0 gxp OT Oint. Both are
gbout the same size, so that the assignment of error to a run appears
realistic and the reproducibility of the spectrometer from run to run and

_from day to day is as good as the stability from match to match within a

given run, ]

This technique is now being used routinely in our study of atomic
mass differences in the rare earths and in the region 1mmed1ately above
the rare earths. .

3. Determination of Relatively Wider Mass Doublets

The atomic mass differences which have been determined by this
group over the past several years have all involved doublets for which the
spacings were less than ~1/20,000. Inasmuch as almost all of these
doublets have involved the 3'Cl - %Cl mass difference, several determina-
tions of this difference have been undertaken since the 1964 Mass Table
was published [8, 14, 15, 16]. We felt it would be desirable to contribute
an additional value via the »

12¢ 01D, - ®C¥'CLH,
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doublet which is obtained from methylene chloride and has a spacing
AM/M ~ 1/3,300.

In preparation for this determination, the 3'Cl-%C1 difference was
studied as a doublet of width 2 u at various mass numbers in the region
100 to 250 u. This work revealed the presence of a systematic error
which was consistently negative and which behaved in the same ‘general
fashion as that encountered by Stevens and Moreland [10].- In our instru-
ment the error appears to arise as a result of surface potentials on the
electrostatic analyser plates. The formation and decay of such potentials
as a result of low intensity ion or electron bombardment have been studied
by Petit-Clerc and Carette [17] at Laval University and appear to be con-
sistent with the nature of the error observed by us.

The electrostatic analyser was cleaned with ether, absolute alcchol - -
and distilled water and, in the early stage of pumpdown, with a Tesla dis-
charge in Ar. Subsequently the error was found to be ~ 0 ppm; thereafter -
it slowly increased to ~ 100 ppm over a period of a few weeks.

Accordingly, the results obtained for the narrow chlorine doublet
mentioned earlier were corrected by a factor determined by a 1 u calibra-
tion doublet (the 'H mass) which was measured immediately before or after
the narrow doublet.

In the upper part of Table II are given calculated values (where pos-
sible) for the doublet which was measured and the new value from our
laboratory. The high degree of precision associated with the last two
values and the agreement between them is noteworthy, particularly in the
light of the fundamental differences between the fwo instruments used.

In the lower half of the table we give the values of 3'C1-%Cl mass
difference which, in the first four cases, is calculated from the measured
mass of *'Cl and 35Cl. The value from this work is calculated from the
doublet separation and from the weighted averages of all experimental
values for the D and H masses. :

. 4. Rare Earth Mass DLfferences , »

The rare earth mass differences which have been determined by this
research group both at McMaster Umversﬂ:y and the University of Mani-
toba are of the types

Ax By = p, ’ e
A +2x3501 - AY37C]. —_ AZ (2) ’
A +2X35C_12 - AY37012 = A, @)

where X and Y may or may not be the same element. Thus mass connec-
tions are obtained between nuclides differing in A by 0, 2 or 4 units. In ,
Fig. 3 the new mass connections are indicated by solid lines with the num-
ber indicating the size of the error in keV. Values obtained with the
2.7 m radius instrument at McMaster are indicated by broken lines. (All
naturally-ocecurring nuclides are shown.) As is evident from the figure the -
- new data are generally more precise (0.7 keV to 4.2 keV) than those ob-
tained with the older instrument and provide many connectlons not prevmusly
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TABLE I
12¢ 3501 2D, - 2C ¥'CLH, (1u)

1964 Mass Table 15 506.66
Benson and Johnson (1966, 1968) 15 504.30
Stevens and Moreland (1968, 1970) 15 503.59
Smith (1971) 15 503.774
This work (1971) 15 503.796
3701 - 35C1

1964 Mass Table 1.997 047 4
Benson and Johnson (1966} ©.1.997049 7
Dewdney and 'Bainbridge»(l%s)  1.997 048 89
‘Stevens and Moreland (1970) 1.997 050 59

Smith (1971)

This work*

1.997 049 711
1.997 049730

e

H_

W

K

CH

140
60
13
65
91

14
6
59

42

63
98

147

Reference
18
8, 1% |
10, 15
14

*using experimental values quoted in ref. 16 to get the following weighted

averages:

H =1.007 825 034 = 12 u

D =2.014 101 797 + 28 u

7 451_7_5:
7t /'2'°'>1£t%&:}£7§
™ @ ApEE e
: 3417 2
69 o hosy 2 .
L ,."g"‘# LT
68 i é;;sﬂ é‘ 3
(N o!s
67 ;
r+ - -.”.
5 = g@g
1 65| '
62
‘ &
82
61 \
&0
ST |

Lu

g2 83 84 85 86 87 88 8% 90 9 92 93 %4 95 96 97 98 99 100 101 102 103 104 105 106

e

N\

Fig. 3. Mass connections‘ provided by the data tabulated in references "~

1, 3, and 20.
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determined. The actual values for the mass differences (except for Yb and
Lu) are presented in a paper which has been submitted to the Canadian
Journal of Physics [20] along with a detailed comparison with other mass
spectroscopic data and the 1964 Mass Table.

As there is.a substantial, but incomplete, body of nuclear decay and
reaction Q-values in this region it is desirable to combine the two kinds of
data to obtain "best" values for the mass differences throughout this
region. The only other mass spectroscopic data with sufficiently signifi-
cant weights are those from the University of Minnesota [8] involving the
Nd masses. In order best to combine these data, we have performed a
least squares adjustment {21] following the general procedure outlined by
Mattauch [22] and his coworkers. The region in which the mass spectro-
scopic values lie, has been divided arbitrarily into two regions for the
adjustment; the first covers the region 59 = Z = 69 and the second 67 = Z
=72. The details of these calculations, including the input data, and a
discussion of the results will appear in the near future [21, 23]. We wish,
however, to draw attention to certain features of the work at this time.’

In the first adjustment, one Q-value was eliminated from the begin-
ning on the basis of gross inconsistency with related data, namely the
1534 (e.c.)!Eu decay Q-value which was low by a factor of ~2. . Cf the
167 nuclides in the region, 83 form an overdetermined set in which there
are 143 mass differences subject to 53 closed loop constraints. - When this
smaller problem was solved, it was found that the 18Nd (d, p) 4°Nd and
150Nd (d,t) 4°Nd reaction Q-values made major contributions to x2. As
was previously done in the Nuclear Data Group adjustment, these values
were rejected and the adjustment was recalculated. . The value of
Vx2/f = .95 compared to the expected value, 1.000 = 75 and so it was un-
necessary to introduce a consistency factor in the calculation.. The con-
sistency of the second and smaller adjustment was not as good and will be
discussed in reference 23. _

' 4. Discussion of Results ,

Fig. 4 shows the systematic variation of the double neutron separa-

tion energy, S,,, as a function of the neutron number. The data for '

*even-N and odd-N are separated to emphasize the degree of regularity that
‘exists. The major decrease as N = 82 is exceeded, and the break at N = 88
associated with the onset of deformation are well known features of these
curves. : :

In the region below 88 and above 92, the segments of adjacent curves
between any two given neutron numbers are almost parallel to each m.her
Thus irregularities in the curves are reproduced for the same neutron
number, that is, the shape of the curves is relatively independent of Z.

On the basis of this systematic variation extrapolated curves have been
proposed as indicated by the broken lines.

As we have noted in previous work [24] the energy of deformatlon
for nuclides with N = 90 is relatively small for Nd {Z = 60) and increases
in going toSm (Z = 62) and Gd (Z = 64). This figure further suggests that
at N = 88, Dy (Z = 66) may already have a ground state deformationinasmuch
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Fig. 4. Systematic variation of Sy, vs. N.

as that point lies somewhat higher than would otherwise be expected. That
is, as Z increases, the effect due to nuclear distortion occurs somewhat
earlier. Some support for this comes from the change in the slope of the
N = 89-91 segments of the odd-N curves with increasing Z. For both sets
of curves it appears that when N~ 92 is reached the nuclides have approx-
imately the same energy of deformation. : . '

The single-neutron separation energies, Sy, are shown as a function
of N in Fig. 5. The nature of the discontinuity in the region of deformation
(N ~ 90) has previously been commented on [1] for both even- and odd-7Z,
as well as the pairing' effect, as manifested in the displacement of the
odd-Z curves in each of the plots (i.e., for even-N and odd-N). It should .
be noted that, for odd-odd nuclides, the neutron-proton pairing appears to '
occur in the region N = 85. For even-N nuclides which are distorted, this
does not appear to be significant although it does occur for the region be-
low N = 88. . -

The S, plots again suggest that in odd-N nuclides the distortion may
not be as large as in even-N nuclides, but continues to increase beyond
N = 92. Again, the even-N plot suggests that at N =88, Dy has already
acquired some distortion. - ' :

The plots of the pairing energy, Pp, and the proton separation
energies, Szp and Sp, will be presented elsewhere [21, 23]. For the latter
two quantities this work confirms the lack of dramatic structure [1, 31.

Although not presented here, a plot of Pp vs. 7 does not exhibit any
systematic behaviour. However, when we plot Pp vs. Na systematic
change with the addition of neutrons is evident. Py has a relatively large
value which increases somewhat until the addition of neutrons precipitates
deformation. Thereafter there is a drastic decline until' N = 92 ' at which
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point some dependence of Z begins to reappear, although the values all lie
much lower than those for the undeformed nuclides.
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Precise Atomic-Mass Differences in the Region 59 < Z < 69!
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A high-resolution mass spectrometer has been used to determine precise atomic-mass differences for 31 mass
spectral doublets amongst the rare-earth chlorides. The precision of these determinations is in the range 0.6 pu
to 3.8 pu, i.e. (2.5 to 25) x 107°, The new data, when combined with previous data from this laboratory and

" with the known 37C1-35Cl difference, provide mass-spectroscopically-derived connections between all naturally
occurring odd-4 nuclides from 141Pr to 169Tm and between all even-4 nuclides from 142Nd to 170Er,

Un spectrométre de masse 4 haute résolution a été utilisé dans la détermination précise des différences de
masse pour 31 doublets spectraux choisis parmi les chlorures des terres rares. La précision des valeurs obtenues
est comprise entre 0.6 uu et 3.8 yu, c’est-a-dire (2.5 et 25) x 10~°. Ces nouvelles données, combinées avec
d’autres résultats obtenue antérieurement dans notre laboratoire et la valeur connue de la différence ¢35
fournissent les connexions dérivées de la spectrométrie de masse entre toutes les espéces nucléaires naturelles

de A4 impair situées entre '*'Pr et '**Tm, ainsi qu’entre tous les noyaux de 4 pair se trouvant entre *2Nd et

170El‘.
Canadian Journal of Physics, 50, 34 (1972)

1. Introduction

A systematic study of atomic-mass differences
between naturally occurring isotopes in the
region '*!'Pr to 2°®Pb has been in progress in
this laboratory for several years. The major part
of the data on which the study was based was
obtained using a 2.7 m radius Dempster-type
mass spectrometer located at McMaster Univer-
sity until 1966 and now at the University of
Manitoba. The investigation began in the region
N ~90 where the change from spherical to
highly deformed nuclei takes place (Barber et al.
1964b; Duckworth et al. 1964; Macdougall et al.
1966). It was then extended to survey the region
up to 2°8Pb to provide a fairly comprehensive
picture of the mass surface between the 82- and
126-neutron shells (Duckworth et al. 1969;
Macdougall et al. 1970; McLatchie et al. 1970;
Whineray et al. 1970).

More recently, a new mass spectrometer, con-
structed at the University of Manitoba (Barber
et al. 1968; Barber et al. 1971), has been used to
improve the precision of some data and also to
include in the study values for mass doublets not
studied before, particularly involving isotopes

IThis research was supported by the National Research
Coungil of Canada.

2Pr§§:nt address: Acadia University, Wolfville, Nova
Scotia.

3Present address: c/o TRIUMF Project, University of
British Columbia, Vancouver, British Columbia.

of low relative abundance (0.2 % or less). We now
present these new data which, when combined
with the previous mass data (Macdougall et al.
1966; Macdougall et al. 1970; Whineray et al.
1970), provide precise mass-spectroscopically-
derived mass differences between all naturally
occurring nuclides for the region 59 < Z < 69.

2. Experimental Method
The high-resolution mass spectrometer which

" was used in this work has a radius of curvature

in the electrostatic analyzer of 1.00 m and was
constructed according to the second-order focus-
ing theory of Hintenberger and Kénig (1960). A
description of this instrument in its early (Barber
et al. 1968) and present forms (Barber et al. 1971)
has been given elsewhere along with details of its
performance. We therefore include here only a
brief outline of the apparatus and technique of
operation.

Figure 1 is a schematic diagram of the spec-
trometer showing the geometry together with
the associated electronic control circuits in block
form. Rare-earth chlorides are vaporized and
ionized in a Finkelstein-type jon source (as
reported by Von Ardenne 1962) and accelerated
through a potential difference of 20kV. On
passing through the 94.65° cylindrical electro-
static analyzer and 90° uniform magnetic field,
the ions are mass analyzed with a resolving
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FiG. 1. Block diagram of the mass spectrometer. The
master trigger pulse is derived from one set of contacts on
the mechanical chopper and is used to trigger each sweep
of the oscilloscope and signal averager. The sawtooth from
the oscilloscope is amplified to drive the Helmholtz coils and
differentiated to trigger the flip-flop.

power (M/AM) of 100 000 to 150 000 measured
at the base of the peaks.

A set of Helmholtz coils located near the exit
boundary of the magnetic field is driven by a
sawtooth current, thus producing a small mag-
netic field which modulates the ion beam across
he detector slit at about 19 Hz. All ions passing
hrough the collector slit are detected by a low-
noise electron multiplier whose output is viewed
on the same oscilloscope from which the saw-
ooth current is derived.

On alternate sweeps of the Helmholtz coils
he potential (V) between the plates of the elec-
rostatic analyzer and the source potential (V)
hre changed by the same fractional amount to

+ AV and V, + AV,. With the proper values
bf AV and AV, the trajectory of the second
member of a doublet is displaced to that pre-
iously described by the first member (before the
oltage increments were applied) and thus ap-
bears at the same position on the oscilloscope

reen. Adjusting the value of AV to obtain the
oincidence is the process known as “matching”.
Vhen the members of the doublet are so

atched, the mass difference AM between them
given by

] AM _av
M |4
there M\is the mass of the displaced ion.
The determination of the matched condition

is carried out with the aid of a 1024-channel
signal averager (Fabri-Tek 1052) which has a
continuous analog display of the memory con-
tents (Benson and Johnson. 1966; Macdougall
et al. 1966; Barber er al. 1971). A given trace
of the live-display oscilloscope is divided into
1024 intervals and a number n; (where
—64 < n; < +64) proportional to the integrated
voltage over the ith interval is added to the ith
channel of the memory. Thus, if the signal
averager is operated in the “Add” mode, succes-
sive traces are added to the memory and an
improvement is made in the signal-to-noise
ratio. When the averager is applied to peak
matching, traces corresponding to the undis-
placed peaks are added to the memory while
alternate traces corresponding to displaced
peaks are subtracted from the memory.

If the peaks are matched in position (and
amplitude), a null signal results; if they are
slightly displaced from each other, an“S”-shaped
error signal results whose phase and amplitude
indicate the correction to be made in AV to
achieve the matched condition. For settings of
AV at the matched condition, the signals are
usually averaged for about 30 s.

Eight different matching configurations of the
instrument are used in order to reduce the likeli-
hood of systematic errors. These correspond to
the permutations of the following: the addition
or subtraction of AV, the direction of the modu-
lation of the ion beam across the collector slit,
and the routing of the undisplaced trace through
“gain A” or “gain B”. The mean of one set of
eight values of AV obtained for these matching
arrangements is taken to be the value of AM for
a given “run”. In the work which is being re-
ported about 20 “runs” were made on each
doublet, and before each run the instrument was
refocused in at least a minor way. The values
were obtained on at least three different days
and by several different operators. The final mass
difference quoted is the mean of the 20 runs and
the precision is the standard deviation (67 %
confidence limits) of the mean.

Prior to the start of this work a high-precision
ratio potentiometer for the measurements of
AV/Vwas constructed and installed (Bishop and
Barber 1970). The standard deviation of the
mean of the values of 20 runs is about one order
of magnitude larger than the contribution to the
error arising from the measurement of AV/V.
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Fic. 2. Naturally occurring nuclides for 59 < Z < 69. Solid lines indicate connections made by the new doublet values.
Dotted lines indicate those made by the McMaster data (Macdougall et al. 1970; Whineray et al. 1970). The numbers give the

size of the errors on the mass differences in pu.

Partway through the period in which this
work was done pneumatic supports for the en-
tire instrument were installed in order to isolate
it from building vibrations. This resulted in
somewhat improved precision for comparable
operating conditions.

In general, ions formed in the electron bom-
bardment of rare-earth chloride vapors were
used to obtain doublets of the types

[2]  AM, =4*2X3Cl-1Y*'Cl
[3] AMZ = A+4X35C12 - AY37C12
[4] AM,=4X-1Y

where X and Y may or may not be isotopes of
the same rare-earth element. In the cases where
different elements were involved in a particular
doublet, the electrostatic analyzer was used as
an energy analyzer to ensure that the energy of
formation in the source was the same for both
members of the doublet (Barber et al. 1964a).
Furthermore, the intensity ratio for such doub-
lets/ was adjusted by changing the proportions
of the samples involved so as to achieve optimum
ease in matching (Whineray et al. 1970).

3. New Atomic-Mass Differences

In Table 1 we list in the second column all o
the mass differences in the region 59 < Z < 69
which have been determined by this research
group either in the previous work at McMaster
University (Macdougall et al. 1970; Whinera
et al. 1970) or in the present work done at thg
University of Manitoba. The 31 new valueq
(obtained with the new mass spectrometer) are
presented in the third column of the table, whilg
the McMaster data (obtained with the olde
mass spectrometer) are tabulated in the fourt
column. The completeness of the combined
data is clearly shown in Fig. 2 which shows thg
naturally occurring nuclides for the region ang
indicates the connections provided by the twq
groups of data, with their associated errors.

As is evident in Table 1, the data obtainef
with the new mass spectrometer are generall
more precise than those obtained with the oldg
instrument. Of the 13 cases where values for t
same doublet were obtained in both studie
there is agreement within the stated errors in
For the doublets C and AR there is disagres
ment by relatively large and unexplaing
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TaBLE 1. New atomic-mass differences

AM(pu) AM(pu) AM(pm)
Doublet (This work) (McMaster) Ref*  (Adopted)

169Tm35Cl-167Er37Cl . . 5107. £3. a
169Tm35Cl 165H037Cl

167R35CI1-185H0%"Cl . . 4666. £3.
165Ho35C1-163Dy37(Cl 4534. +4.
163ny35C1-161Dy 37Cl . . 4746. +3.
161D 35Cl 159Tb37Cl

159Tb35Cl 157Gd37cl

157Gd35CI-1%3Gd37Cl 4287.
lSSGd35Cl_153Eu37CI

133Ey35Cl-151Eu®’Cl 4329.
151Eu35Cl_14QSm37Cl

149G m35Cl-147Sm?®7Cl 5231.
1478m35CL-145Nd37Cl 5264.
LASNd3SCI-143Nd37Cl 5703.
143Nd35CI-141Pr37Cl 5111.
L45Nd3SCL, 41 Pr37Cl, 10 818.
L70E35C1-168Er37Cl 6045.4 6040.
168Rp35C]_166Er37C) 5027. 5026.
166R35C)-164Er37C 4039.
164E35CI-152Er37Cl 3372.
162Rp35C] 160Gd37Cl 4673.
162p,35C1,-158Gd37Cl, 10 574.
164py 35Cl 1621yy37C) 5325.
162D 35C1— 160Dy”Cl 4551.
160D 35C1-153Dy37C) 3730.
158D 35C1— 156Dy37Cl 3080.
160Gy 160y 1854.
160Gd35Cl 158Gd37C1
158Gd35Cl-196Gd37Cl 4925.
156Gd35Cl-154Gd37Cl 4203.
154Gq35Cl1-152Gd®"Cl 4018. 4018.
1545m-1%4Gd i 1337. 1337.
1548m35CL-1325m37Cl . 4. 5417.
152gm35C1-1508m37Cl . t4. 5403.
1526m35C1,—48Sm37Cl, 10808.1+1. . . 10 806.
150Sm“C] 1489m37CI .14, 5402.
1488m35Cl,-144Sm37Cl, . . 8717.
1449m l““Nd . . 1911.
150N d-1%0Sm . . 3616.
1SONd3SCI-148Nd37Cl 6939. +4. 6945.
150Nd3SCl,-145Nd2"Cl, 13 654. +9. 13 668.
148Nd35Cl 146Nd37Cl 6721. +4. 6722.
148N d35CL-1**Nd¥"Cl, 12 700. 12 690. +9. 12 701.
146Nd”Cl 144Nd37Cl 5981. 5966. +4. 5979.
144Nd33CI-142Nd%"Cl 5308. +3. 5308

+
had

43443 +2 4
4329. +4.
5618.9+2.6
5231. +3.
5264. +4.
5703.
5111.
10 815.
6044 .
5027.
4039.
3372.
4673.
10 574.
5324.
4551.
3730.
3080.
1854.
5900.
4925.
4203.
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*Note: (a) Whineray et al. (1970); (b) Macdougall et al. (1970).

mounts, 12.3+ 3.4 pu and 153 +4.1 yu re- with this average was taken to be the larger of
pectively. Amongst the remaining doublets the 6, or 6, as defined by Birge (1932).

oreement is fair, although not quite as good as In certain cases the values thus calculated
pight be expected. A graphical comparison overdetermine the mass differences, namely for
tween the two groups of data is given in _the followmg groups of doublets: Group 1.
ig. 3. The “adopted values” shown in Table 1 “A, B; C; Group 2. N, O, P; Group 3. U, V, AB;
ere calculated from the two sets of experi- Group 4. AH through AR inclusive. For each
ental data in the following way. Where two of these cases a least-squares adjustment was
easurements of the same doublet exist, their made in which the weighted averages were used
eighted average was calculated, where the asinput for the calculations. The output values
cight o; is the reciprocal of the square of the ven as the “adopted values” in the table.
hted standard deviation. The error associated In each case, the output errors are taken to be
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the square root of the diagonal elements of the
error matrix (Taylor et al. 1970).

Following the procedure outlined by Mat-
tauch (1960) we have assessed the consistency
of the input data for the four adjustments. For
each adjustment, we give in Table 2 values for
¥2, where :

X = Zwi(xi —x)?

the number of degrees of freedom f, and the
actual and expected values of ./¥2/f. Also given
in the table are the values of P, the probability
that a repetition of the experimental deter-
minations would result in a larger value of
NS

The first three groups are evidently very
consistent. The consistency of the fourth group
is also satisfactory although it is noted that
sizeable contributions to the value of y? arise
from two McMaster values, viz. AH and AN.

In Table 3 the three most precise mass
spectrometric determinations of the 37Cl-33Cl
mass difference are given. The weighted mean of
these 3 values* was calculated and subsequently
combined with the “adopted values” of Table 1

4NoTe APDED IN PrOOF: The very precise value for the
37C1-35Cl mass difference, recently reported by Smith
(1971), has not been used in this calculation. Its use would
have changed the weighted average by 0.2 keV and the new
values shown in Table 4 by a corresponding amount.

TaBLE 2. Comparison of closed loop adjustments

N/ NiT

2 (actual) (expected*)

Group

f
0.29 2
0.20 2
. 2
9.17 7

0.38 1.00+0.50
0.32 1.00+0.50
0.39
1.14

1.00+
1.00+0.23

*Expected value is 1 + (1/2f)"2.

TaBLE 3. 37CI-35Cl mass difference (u)

Dewdney and Bainbridge (1965)
Benson and Johnson (1966)
Stevens and Moreland (1970)
Weighted mean

1.997 048 89 + 59
1.997 049 70+ 60
1.997 050 59 +42
1.997 049 94+ 50

to obtain the rare-earth mass differences given
in Table 4.

These mass differences may be compared with
existing values derived from the 1964 Mass
Table (Mattauch et al. 1965) and given in
Table 4. The Mass Table is a least-squares
adjustment of nuclear decay and reaction Q
values and mass-spectroscopically-derived mass
differences. In this particular region it relies
fairly heavily on the work of Barber et al. (1964b),
Bhanot et al. (1960), and Demirkhanov et al,
(1964). As has been reported previously (Mac-
dougall et al. 1966), the mass differences re
ported by Barber et al. (1964b) were systemati
cally high by ~40 pu. This error was eliminated
in the subsequent McMaster work, but no
before it had its effect on the 1964 Mass Table.

It will be noted that, of the 45 Mass Tabld
differences given in Table 4, the values of C, P
V, Al, AO, and AQ are sums of pairs of othe
values with which they are consistent. How
ever, the nature of the input to the Mass Tabl
leads in some cases to a greater precision on th
sum than on the constituent differences. Fo|
this reason all of the differences are given in th,

figure although the comparisons are not a

completely independent. In 34 of the 45 case
the 2 values fail to agree within the extent g
their errors. On the whole the points tend t
scatter about zero, although those for AA to A
(even-A4 nuclides for 142 < 4 < 160) appear o
the average to be 30 pu low. The points for t
corresponding odd-A region are also low by
somewhat smaller amount, ~20 uu.

The most dramatic improvement for a sing
datum occurs for the 3®Dy-!56Dy differeng
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TaBLE 4. Rare-earth mass differences

Doublet

AM (u) Error
This work  (uu)

AM (u)  Error
Comparison (uu)

NeXg<OHnROoOYOoZED R ——nQmuuow>

AS

169Tm__167E1.
169Tm_165Ho
167Er_l GSHO
165H0_1 63Dy
gy isony
159Dy_1 57Tb
Tb—'°"Gd
157Gd_1 SSGd
ISSGd_I 53Eu
153Eu_15 lEu

151Ry,_149Gm

149Sm_147sm
147Sm_145Nd
145\ d_143Nd
143Nd_141Pr
145Nd_141Pr
L70E,. 168y
168Er_166Er
166 164,
164Er_162Er
162Er_160Gd
162Er_l 58Gd
1641 _162Dy
162Dy_160Dy
160Dy_1 58Dy
158 )y 156Dy
160G 160Dy
160G4_158Gd
158Gd_l 56Gd
156Gd_l 54Gd
154Gd_l SZGd
154gm 15434
154Sm_1 SZSm
1 SZSm_l SOSm
152G 148gm

150gy, 148gm
14SSm_144Sm

144Sm_144Nd
1 SONd_l SOSm
150Nd_148Nd

' 150N d_146Nd

148N d_146Nd

148Nd_144Nd

146N d-144Nd

144Nd_142Nd

2.002161 6+1.
4.0038905+1.
2.001 728 71.

2.001 584 +4

2.001 793 7+1.
2.001 583 8+1.
2.001 382 1+1.

2.001 337 +3

2.0013942+2.

2.001379 +4

2.002 668 8+2.

2.002281 +3
2.002314 +4

2.002 753 7+3.
2.002 161 743.
4.0049156+4.
2.003094 0%2.
2.0020772+1.

2.001 089 8+1

2.0004224+1.
2.001 723 7+1.

7004 674 0+ 2.
2.002 374 8+1.
2.0016009+1.
2.000780 8+2.
2.000 130 5+3.
0.001 854 0+0.
2.0029500+2.
2.0019755+1.
2.001 253 6+1.
2.001 068 4+2.
0.001 337 9+3.

2.002467 4

2.002453112.
4.0049065+1.

2.0024528+2.
4.002 817 3+2.

0.001911 141,
0.0036165+1.

2.0039958+2.
4.007 768 2+1.

2.0037721+1.
4.006 801 3+2.

2.0030294+2.

2.002 358 +3

Bir OO O AR ROWR WS DBDRULAR

.002 185426
.003 824 +44
.001 639+35
.001 666+15
.001 8105
.001 594427
.001 326429
.001 36145
.001 442 +20
.001 404 +20
.001 430+ 54
.002 658+ 16
.002 630+28
.002 31345
.002 329+5
.002 75945
.002 183 +13
.004942+14
.003 17775
.002 076 +25
.001 020447
.000 547+ 86
.001 625+ 100
.004 562+136
.002397+8
.001 601 +9
.000 753132
.000 519 +182
.001 913+27
.002937+8
.002 003+5
.001 2468
.001 135+19
.001 353+18
.002 526 +6
.002 4806
.004 965+6.5
.004 930+50
.002 48545
.002 802+21
.002 940+ 72
.001950+2.9
.001 890+ 80
.003639+5.2
.003 590+90
.004 045+5
.007 829 +7
.007 740+ 38
.007 761+4
.007 76119
.003 78314
.003 870421
.003 773+5
.003 77343
.006 830+ 6
.006 950+21
.006 799 +4
.006 793 +7
2.003047+4
2.003 080 +22
2.003016+2
2.003020+5
2.003 02613
2.002376+5

NRONANNDNNRPDNDARRNNDNONRRRDRDDODRDORDNDON AN

2
0
2
2
2
2
0
2
2
4
4
2
4
4
0
0
0
0
2
4
4
4
4
2
2
2
2
4
4
4
4

:.mn..a::raa.nu-a&&va&awaavacﬂae—amcﬂ:aaananhanaaanannamn&aan&&waaannnannn

*Note: (a) 1964 Mass Table (Mattauch et al. 1965); (b) Demirkhanov et al. (1968); (c) Sum of two doublets
(Benson and Johnson 1966); (d) Résult of least-squares adjustment (Benson and Johnson 1966); (¢) Actual
doublet measured (Benson and Johnson 1966).
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)
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CODE

Fic. 4. Comparison of adopted values with other data
(Mattauch et al. 1965; Demirkhanov et al. 1968; Benson and
Johnson 1966). As indicated, the vertical scale for the last
comparison is expanded by a factor of 5.

Z. The value in Fig. 4, which is only partly indi-
cated, is —389 £ 180 pu. The new value for this
mass difference was obtained using a natural
sample of dysprosium in which the relative
abundances of the 1*8Dy and 13Dy are 0.090%;
and 0.052 9 respectively.

Values obtained by Demirkhanov ez al. (1968)
since the publication of the 1964 Mass Table
are also given in Table 4 and plotted in a similar
fashion in Fig. 4. In this rather limited com-
parison there is agreement in 4 of 9 cases.

A third comparison (Table 4, Fig. 4) of the new
data may be made with values for the mass
differences in neodymium as determined by
Benson and Johnson (1966). Since these data
carry the highest precision of the three com-
parison groups noted here, we give in Table 3
both the experimentally determined values and
the results of a least-squares adjustment of the

data. The differences plotted are those between
the “adopted values” of Table 1 and the least-
squares adjusted values given by Benson and
Johnson. Although this comparison is very
limited, the precision associated with the dif-
ferences is high and the agreement is seen to be
satisfactory.

It should be noted that an appreciable number
of precise nuclear reaction and decay Q values
also exist in the mass region 50 < Z < 69. These
may be combined with the adopted mass spectro-
scopic values given above by means of a least-
squares adjustment of all of the mass differences
for the entire region. Such a calculation has been
carried out, the details and results of which are
deferred to a subsequent paper (by Meredith,
J. O. and Barber, R. C.) in which comments will
also be made relating to neutron and proton
separation and pairing energies.
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