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CHAPTER 1

INTRODUCTTON

The importance of atomic mass determinations

and the related standards of atomic mass are

discussed. Various methods of atomic mass

determinations are briefly presentêd.

Mass and }Iass Standards

The mass of any object or particle is one of the most

useful and revealing pieces of information available about

that particle. In the nracroscopic world, the mass of a

solid object gives one some idea of its size, and certainly

gives information about whether or not one can lift or move

it.. The standard for this sort of mass is the international

kilogram, maintained at the Bureau International des Poids

et l4esures at sàvres, France. This is a platinum - iridium

bar, carefully protected, but certainly not indestructible,

and not exactly reproducible.

On the atomic scale, the unit of mass has been chosen

so that one rto* f2c has a mass of exactly 12 u. (Mattauch

1960). This has the advantage of being a universal quantity,

avaílable to any laboratory interested in making measure¡-ents

1-1
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relative to it. In mass spectroscopy it ís especially useful

since many atomic mass determinations may be made directly

against a hydrocarbon fragment containing 12c orrly ¡ or 12c and Iu -''' '

on1y" Thus, a secondary mass standard. is lrf. As will become

evident in later chapters, the atomic mass dífference 37at-35Ct

is very important to this research group. A recent compilation

of experiméntal values by ltteredith et al (IglL) gives these ,.,....,':'
secondary masses as:

I H - 1"007825 035 t 14 u

37cr-35c1 = r.gg7o4g 720 t 90 u

The relation between the kilogram and the atomic mass

unit is known to a precision of 6.6 parts per million (ppm) ,

and is: I u = 1.660531 t 1t x LO-27 kg as calculated in a

least squares adjustment of fundamentat constants by

Taylor et al (1970) . 
, .,.: ,

A third unit of mass, used on the atomic, nuclear and '''

sub-nuclear scale is the electron volt (eV) and its multiples. ,, '.,.,

'i'tri" ís defined as the amo.unt of energy a-n electron gains

when it fal1s through a potential of one vo1t. The relation
of energy to mass follows from Einstein's famous equation 

.r.,.,.,_',

E = mc2 
'' '

in his special theory of relativity in 1905. At present,

the conversion factor between eV (energy) and kg (mass) is
known to a precision of 4.4 ppmr and between eV and the
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atomic mass unit, 5"5 ppm. The energy conversion factors
from Taylor et al (1970) are:

1 kg = 5.609538 ! 24 x L029 t,t"V

1 r¡ = 931.48L2 ! 52 MeV

rmportance of Atômic lr{ass Determinations 
,,.,.,r.',ri,,,,

Just as mass is important in the'macroscopic w'orld, it is :,.,,:,,..,:,

equally, if not more, important on the atomic scale. Mass,

along with charge uniquely identifies an aÈom, and with spin

includedr âny sub-atomic partícle is specified.

Since mass and energy are different forms of the same

quantity, the mass of an atom gives a measure of the energy

of the atom. An atomrs mass is less than that of its con-

stituent protons, neutrons and erectrons. This missing maés is
called the binding energy of the atom.

The mass d.efect (or missing mass) is of great import- ,: ,:,,:..,:
'.-.:._:':l

ance in t.he stud.ying of nuclear structure, since the effect ,,¡,,:,.,.
.:: -:'-.:.r:'of the electronic bínd.ing energy is small and varies gradually

with atomic number. The magnitude of the binding energy

gives information on possible nuclear transformations and 
,;.r¡,,,.,:.,::

decays. Variations in the binding energy from nucleus to ::,,:',:.,:'::

nucleus show the effects of proton or neutron shells, (the

so-caIled magic numbers), and also of collective nucleon

behaviour.
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Methods of Atômic Mâss Determinations

Alpha-decay - Most of the atomic mass information for
nuclides heavier than lead has been obtained by cr-decay

energy determinations. The a-decay of a parent nucleus may

be represented as

år- l--l* . Ir" + e
The energy of the particle is usually determined by

a magnetic analyser. These analysers are usually calibrated
with the 210po o particle whose energy is 5304.5 t 0.5 keV.

(Wapstra, L964). More recently, solid state detectors have

proved useful in determining Eo. The recoil energy of the

daughter nucleus is calculated, and the sum of the two

energies, and tlie mass of the jHe alIows the mass difference

between parent and daughter nuclei to be calculated, usually
with a final precision of ¡,25 keV and occasionally as l-ow as

tu5 keV.

Beta d.ecay the ß-decay of unstable nuclides can be

represented byr A ^+ z

o'* n å-t* * ß+ + v+Q or (e'c') if Q<2 moco

z''t \
A

äsr +ß +v+Q

An accurate determination of the end point of the ß-

spectrum, and energies of correlated y-rays is necessary. The

large magnetic spectrometer at chalk River has achieved

precision of tu0.1 kev, but most determinations are ttutO kev
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or more" The total decay energy in cases of electron

capture (ec) i.s more difficult to determine.

Induced Nuclear Reactions - Many induced nuclear re-

actions involve charged part.icles from accelerators (e.g.

pr d, L, t"a, s,, t'", tuo, etc.) as well as neutrons,

photons, and virtual photons (in the form of high energy

electrons from LINACs ). The reaction can be represented as:

x (a,b) y

or O - (Mx+Ma-Mb-My)c2 where x and y are Lhe initial

and final nuclei, a ís the incoming particle and b the out-

going one. The energies of at b and y must all be deter-

mined to obtair Q: In reactions such as (n'y) v¡ith thermal

neutrons, precision <1 keV is obtainable with the recent

GeLi detectors. More typical precision of Q values from

charged particle reaction is '\,10 keV.

1 '::''1:' o , Mass spectroscopy - Here the mass of ions may be

determíned. directty by d.eflecting them in electric and

magnetic fields. This method can be applied to any stable
- -" -'..-a.:.':..1,:,::j:: j or naturally occurring nuclide, and also to unstable nuclides

ha'¿ing sufficiently long half-Iives.

Generally the doublet method is used in which the un-

known m-aSS is compared to a well lç¡9ç¡ one (say a hydrocarbon

,,,' fragment or other secondary standard) of almost the same m/e.
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The precision attainable with such doublets is about 5 parts
q

in l-0' , or about 1 keV at mass 200. Thus the relative masses

may be determined from .1 to 1 keV. Also mass differences are

established to the same precision. In studying the mass

surface, and the systematic variation in nuclear binding

energies, mass differences determj-ned by close doublets

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

References for Chapter 1

Mattauch, J.H.E. (1960) Proc. Int. Conf. Nuclidic Masses
(University of roronto

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

Taylor, B.N. Parker, W.H. and Langenberg, D.N. (1970)
The Fundamental Constants and Ouantum

ork)
¡.1',,,.r,¡,;,
...::i_: .._.¡.



CHAPTER 2

MASS SPECTROSCOPY

The early development of mass spectroscopy ís
outlined. The direction focusing properties
of uniform magnetic and radial electric fields,
and double focusing in tandem are presented to
first order. The results of second order theory
are outlined. Electrical detection and current
performance of several instruments are discussed.

Historical Development

Mass spectroscopy had its origins in the late 19th

century with the discovery by Goldstein (1996) of "positive_
rays'o in clischarge tubes. However, they remained a curiosity
until r9L2 when J. J. Thompson used his positive ray parabola

apparatus to shorv that Goldstein's positive rays \izere actually
positively charged atoms and molecules. Thus, Thompson (1913)

had constructed the first mass spectroscope. using this
instrument. with a resolution of about r/zo, Thompson found

evidence for the existence of two stable isotopes of neon.

F. w. Aston continued Thompson's investigation of the
existence of isotopes. By 1919 he had a velocity focus-ìng

2-I



2-2

instrument with a resolution of about 130, and proved that
neon indeed had two isotopes (aston L920). During the next

decade he carried out a systematic study of the periodic

tab1e, showing most elements had several isotopes. This

measurement of the masses of the nuclides lead to his famous

binding energy and packing fraction curves (Aston 1933). In

these 'preneutron days' he defined the packing fraction, P,

as: P = l4-A where A is the mass number.
T_

Simultaneously, A. J. Dempster at the University of
Chicago exploited the direction focusing property of the 18Oo

magnetic field (Dempster 1918). He also carrj-ed out extensive

investigations of nuclear binding energy over the next tv¡o

decades (Dempster 1938 a,b) .

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

General focusing equations were presented by Herzog

(1934) ' and subsequently many new double focusing instruments

were constructed, notably by Dempster at Chricago, Bainbridge

and Jordan at llarvard, .l'{attauch and Herzog at Vienna, and

t'{ier at lttinnesota. A more detai.led. account of tire development

of mass spectroscopy is given by DucJtworth (1958).

Positive Ion Optics

An ion of mass m and charge q m.oving with a velocity v

in an electromagnetic field experiences a force F given by:
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F = qÈ + qv x B (l)

gniform ¡tag"etic Fi - In this case the equation (l) re_ 
,,;,

duces to F = qü x E. If ; is perpendicular to E, the ion
is constrained to move in a circre of radius â*r so that

2mv-ãl = evu
Thus, a uniform magnetic field is a momentum analyser. To

j

examine the direct-ion focusing properties, we refer to Fig.
2-l¡ the terminology is that of Eerzog (1934). Ions of
mass mo leave the point 0 (object slit) with a velocity vo
and half angular spread a. Herzog compared this to the
optical arrangement of prism plus cylindricar lens. The

divergent beam comes to a focus again at r, the image.
t{ote that r' the centre of curvature, and. o lie on the same

straight liner âs pointed out by Barber (1933).
Radial Electric Fie1ds - Here the equation (1) reduces to 

,.'.

r = qE" The field Ë is usually established by a voltage v applied 
,,,,r:

to the plates of a cylindrical capacitor , of mean rad.ius a^ ':
e

and separation 2k.

Then 2nll- ruq
ae

\7

N (3)

Thus, such a configuration ís an energy analyser.
Fig" 2-2 shov¡s the direction focusing properties of a

radial electrostatic field. Itrote that it does not obey Barber,s
rule as wa's the case for the uniform magnetic field. A

geometric construction, which corresponds to Fig. 2-r, may be
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made, if a^ is divided by lz and o^ is rnultiplied by /2. Then'e-e
Earberrs ru'le may be applied as for the magnetic field.
Double Focusing - so far we have assumed mono-energetic ions.
If a velocity spread is considered, i.e. t = to(It6¡, then

each of the magnetic and electric fields produce a velocity
dispersion. That is, the dírection focused. image is blurred
because ions of different v come to a focus at a different
position perpendicular to the nedian beam.

rt is possibre to construct an instrument in which the

velocity dispersion of one element is cancelled by that of
the other. The usual arrangement is to use the direction
focus of the electrostat.ic analyser (EsA) to serve as the

object of the magnetic analyser. Thus, direction focusing

is preserved, and a d.ouble focus (i.e. focused both ín cr

and ß) may be achieved.

Resolution - The resolving power of an instrument is a

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

two peaks are just resolved if they are just separated at the

base. For a mass spectroscope, the two peaks of a doublet

are approxi-matery mass M, and differ by a smalt amount AM"

The resolvirgporver required to just spearate them is then

M/Âl'f and for a symmetrical ESA (1"' =.1"" )

.Ma
ÃM-

o
where to is the width of the objecL slit. Here we

as small a slit as possibre should be used with as

(4)

see that

large an
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ESA as possibre for maxi-mum resorving pov/er. (The recÍprocal
of resolving power, the resorution, may arternately be used.)
Second=Ord.er Focusing - The theory of llerzog (1934) ignores
the ef f ecLs of second.-and higher:order te::ms in cx, and ß.
These lead to image aberrations, as do the effects of
fringing fields

Effective boundaries for the ESA may be established
by use of grounded diaphragms placed according to Herzog
(1935), and for the magnêt, iràn diaphragms have been dis-
cussed by Herzog (1955) and by Konig and. Hintenberger (1955).
Alternatively, the position of the effective boundary may be
calculated by integration of the fringing field. As a rule
of thumb, the effective boundary is one gap width beyond.
Èhe phisical boundary- (see for e¡ampre, Kerwin 195g;)

second. order terms in q and g have been íncr_uded in the
theory of Hintenberger and Koníg (I957at LgSTb). The

aberrations of the final image of a double focusíng in-
strument may be written as:

YB = .* (Bto * B2g + 
"11o2 

* 
"rroß 

* 
"22g2).

(s)
Here Yg is the lateral displacement of an ion from the central
path (q=ß=o). The coefficients 

"ij 
are functions of the

instrument geometry. when B, = 82.= 0 there is a first order
double focus. If, in addition, Btt = 812 = 822 = 0, there
is complete second order double focusÍng. Hintenberger and. Konig
have calculated a sorution of the second order equa.tions
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and have proposed geometrical arrangements for many complete
and partial second order double focusing spectrometers. A

more complete description of first and second order focusinq
for mass spectrometers is given by Barber (Lg62).

L"lost instruments at the present time employ electrical,
rather than photographic d.etection. This means that the ion
beam is modulated across a colrector slit, and the current
which passes through the slit is amplified by some high
gain electron multiplier. Following the nomenclature of
Aston, these instruments are call mass spectrometers, while
those employing photographic detectíon are cal_r mass

spectrographs.

rf photographic detection is employed, the resor_ution
of the instrument is as calculated prevíously, but in
addition the dispersion of the instrument must be known in
order to calculate a mass difference. Also, the precision
of locating the centroid of rine on a plate is limited to
tu L/50 of its widrh.

For instruments using el_ectrical detecti_on, the
resolution is reduced since the expression now includes the
width of the coll_ector slit (Sc).
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LM/t4 = (so * S"),/a* (6)

However, this is more than compensated for by increase in
precision in locating a peak. The peak matching method. will l,',.r,r,'

be d.escribed in the next chapter, but we will note here

that the precision of matching is about l/SO0 of a peak

width for visual matching to 1rz5000 for signal averaging ,',.'.;-
. ''.:,- 

:.:

and computer analysis 
,,;,.::,;,,

The peak matching method of d.etermining a mass differ-
ence depends on a theore¡n due to Bleakney (1936). If we

start wíth F = mã = g (E + ü x B) it can be shown that two

different ions of mass m and. m'wilI for-r-ow the identical
traj ectory if all E are changed to E' in the ratio ..E/Et =
m/m' while B remaíns f ixed.rn pract.ice, this means that E,

is varied until m and mr do appear to follow the same

trajectory (i.e. the peaks are matched) " Then Am, the mass

dif ference may be calculated from A : €. 
::.:.::.:

ì't E ;,.r',''..,1'.

The major instruments are compared in Tab1e 2-I, which .:.,
gives the parameters of the ESA and magnetic analyser, along ''""

with the calculated resolving potìrer for 4U width object s1it.
(¡tatsuda, 1970) , the achieved resolving power, a,nd the second 

, ::!,:.
order coefficients calculated as noted. The type of measuring "

technique is given on the second line.for each instrument,

and special features are pointed out.

An excellent reviev¡ article by Duckworth (1970) covers

the development of high resolution mass spectrometry over the : ;:



2-8

last two decades and shows general trends in the precise

determinations of atomic mass differences.
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CHAPTER 3

THE SECOND ORDER SPECTROMETER

The second-order double-focusing mass spectrometer
at the university of rfanitoba is briefly presented.
The "visual null" matching method. and recent
modifícations associated with the new computer

matching system are described.

Geomêtry And Cohstruction

The geometrical arrangement of the instrument, one of
many proposed by Hint,enberger and Konig (1959), is shown in
Fig. 3-1. The advantages of this particular design are:
(i) an intermediate direction focus with an energy resolution
of 'ì'lev, (ii) straight rather than curved magnetic field
boundaries and (iii) compact shape.

Detailed descriptions of the apparatus in its earry
(Barber et aI 1968) and present forms (Barber et al LgT;_l
hereinafter called paper I) have previously been published.
certain of the most important features of the instrument are
presented here

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

The total path length is 4.5g m and the overal1 magnification

3-1
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is 0.50. The width of the object srit so is variable, but
for a resolving power of 200,000 at the base of the peaks,

the calculated width of so is 2.7v. The colrector srit s.
then must be 1.8u wide. The srits so at the entrance to the
ESA are normally used to limit o-¿6 "r,12 x ro-3 radians, âr-
though a maximum varue of tr0-2 radians is avairable. At the
exit of the ESA, the slits tß are used to rimit the energy

spread of the beam; usualry ß is tg x Lo-4. The height slit.s
at the entrance to the magnet are glenerally set about 2mm to
limit the vertical spread of the beam and thereby to ensure

that ions reaching s" have a1r gone through the same magnetic

field

The angle of deflection in the ESA is 94.650, and a

d.irection focus is formed L7.63 cm beyond the exit boundary.
The field is termiñated at the physical boundaries of the
plates by fringe blocks positioned according to the theory of
tlerzog (19 35 ) "

The angle of deflection in the magnetic anaryser is 90.00o

and the pore gap is 2"s40 cm, with a field uniformity of r/sooo
over the range 3-8 kG.

As can be seen in Fig. 3-2, the whole instrument is
mounted on a rigid steel table one inch thick and s x L2 feet.
The table is supported by eight, pneumatic mounts to isolate
the instrument from building vib'rations. The vacuum chamber

of the spectrometer is made of stainless steel. Two oil
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diffusion pumps provide differential pumping on the source

arm. The L40 r/sec and a 50 r/sec ion pumps on the main

chamber maintain a pressure of about 5 x 10-8 Torr. during :j

operation of the instrument.

The source, shown in Fig.3-3, has been described in
Paper r and also by Bishop (1969). rt is a variation of the
Finkelstein source (as referred to by von Ardenne, 1962),

withastain1essstee1ortanta1umovenandarheniumor

tungsten heating filament. The erectron emission filament
is usually coated with LaBu for better emission and is
50-300v negative with respect to the oven. An electromagnet

provides a magnetic field of n,l kG in the region of the oven,

paral1e1 to the source axis. For emission currents of 5-20 mA

the ion current is usually 1 to 5 UA.

The ions are extracted from the plasma through the front
hole of the source toward the ground electrode just outside 

,,,t:

the front prate. The ion beam can be steered horizontally
and vertically by separate pairs of el-ectrostatic deflection ,'

plates, and are subsequently focused on the principar slit by

an electrostatic quadrupole 1ens. The theory of the operation
ofthequadrupo1e1ensisgivenbyEnge(1959),anddetai1s

of the steering and focusing are presented by southon (1971).

The principal slit can be moved in a horizontal direction
perpendicular Lo the ion beam, and arso paralrel to the ion
beam by rneans of two lathe slides. rn addition, the source
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may be rotated about a vertical axis at the principal slit by

a rotary tabre. The analyser and source arm can be swungi as

a unit about a pivot located directly below the intermed.iate
direction focus.

Peak Matching and Focusing

The peak-matching method of determining the separation
of a mass doubret depends on Bleakney's theorem outlined in
chapter 2. rf all potentials v, are changed. to v1' according
to the relaLion MV, = ¡4'vi , then the ions of mass Mt wilr be
rmatched' with ions of mass M. rn order to judge this match,

the potentials are switched at a frequency of n,19 cps, and

the electron multiplier output displayed.

The contror circuitry is shown in Fig.3-4. The master

trigger signal is derived from a mechanical chopper, which

also switches the 
^v 

applied. to the ESA vortage v. This trigger
signal supplies the start signal for the sweep of !h. display
oscilloscope and of the FT1052 signal averager. The horizontal
sawtooth sweep of the dispray oscilloscope is amplified and

drives the Helmhortz coils which sweep the ion beam across

the collector slit. The fry-back of the sawtooth triggers a

flip-flop which controls relays to (i) switch the signal
through gain A or B, (ii¡ displace arternate sweeps vertically
on the display oscilloscope, and (iii) switch a neon liqht which
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subsequently switches va. There is also provision for switching
the voltages applied to the quadr.upole lens erectrodes, al-
though this is not necessary for narrow doublets.

Gain A or gain B is adjusted so that the peaks M and M'
are the same amplitud,e and av is adjusted. so that the two
peaks appear at the same stage of the oscilloscope sr^/eep.
Alternate traces can be d,isplaced verticarly for focusing
or visual matching, as described in detail by Barber et al
(1964 ) "

More recently a signal averager was used on-rine to detect
the lack of coincidence of the peaks (tfre ',visual nu1l,, method).
This method was d.eveloped at the university of Minnesota
(Benson and Johnsonr 1966) and used subsequently by this
group at lrfcMast,er University (Iv1acdougall, 1966) and at the
universiÈy of Manitoba as described in paper r. ïn this
method, the gains A and B are adjusted, but the dispray is
not split. The trace corresponding to mass M is added to
the memory on odd numbered svüeeps while the trace corresponding

Ito mass M (wittr av applied to the prates), is subtracted
from the memory on even numbered sweeps. Thus, êt match,
there is a null signal. A slight mismatch (i.e. AV too big
or too small). results in an s-shaped error signal. Av is then
adjusted to obtaín a null.

EiÈher M or M' may be used as the reference peak, the
reference peak may be routed through either gain A or gain B,
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and the ion beam may be swept in either of two directions
across the collector slit. Permutation of these arrangements
resul-ts in eight different matching configurations. To reduce t,.

the chance of systematic error, the unweighted average is
taken as one run. since there may be systematic differences
between configurations due to instrumental or operator biases, 

.,
the spread of the eight values does not necessarily represent 

..

the statistical error to be associated with one run. ïn the -|:

past'about 20 runs have been used to determine the mass

difference, and the standard deviation of the mean of the
set of 20 has been used as the error for the doublet. This :

point will be discussed further in chapter 4 when the visual
null method is compared with the new computer matching method..

rn order to reduce operator biases, two people are in-
volved. one, the operator, judges the match, wrrile the other
runs the potentiometer to determine 

^v. 
Moreover, values for 

,,,,,,j

individual runs are obtained on at least three different days
and by several different operators.

The voltage supply for the electrostatic analyser is
still basically as described by Bishop and Barber (1970).
Each of the eight 97.2 v mercury batteries is actualry a set
of twerve 8.1 v mercury batteríes (Malrory TR-r-36R). The

supply which presents av to the chopper is much as described
by Bishop (1966).
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Additionally there is now the option of providing small

voltages ôV to ÀV and applying the signal to an alternate

chopper. This optional arrangement is the one used for peak , ,,.,,,,
matching using the computer method described in Chapter 4.

The details of the circuit are deferred to that Chapter.

The precision potentiometer developed by Bishop (1969) . , ,,
: - .tr: t. 

-t.',t .: ,

and described by Bishop and Barber (1970) is used to determine 
,:;.,,,.,;,1i

both V and ÂV relative to the same standard. It is used in .:'

the same manner when the technique to be described in the

next Chapter is applied to peak matching.

The switching circuits described above are also used

during the :-"ocusing of the spectrometer. The general focusing

procedure and adjustments have been descríbed in Paper I.
To check the velocity focus, ÀV, is increased to q,22Y (¡V is
not applied to the ESA) and alternate sweeps of the oscilloscope

are displaced. Lack of velocity focusing results in the peak 
...,,,,f,.

on one trace being displaced sideways r,vith respect to the one 
¡¡,,.,,,,,,,

on the other trace. A small rnovement of the collector slit '':':-i':

perpendicular to the ion beam usually results in a velocity
focus. If a more sensiÈive velocity focusing test is required,

the degree of mismatch may be d.etected by the signal averager 
':.,:,:tì;:;'.;.,.,

(as used in the "vísual null" method).

The direction focus is characterized by a marked improve-

ment ín the resolution of the peaks. As the ESA is swung aÌ:out

its pivot, the optimum position is chosen. In addj.tion , .,..,, ,
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with a tightly focused beam at the prÍncipal slit, the
quadrupole lens and steering prates may be used to change q,.

At the direction focus, the peaks wilr not be sensitive to
this change.

on the basis of current performance, the upper limits
for the second order coefficients are estimated. as 81r.0.1,
,L2.0.2 and Brr<0.5. ïf BtZ is large, the velocity and
direction foci are not, coincident. A comparison of the
coefficients of this instrument with those of other instruments
now operati_ng is made in the previous chapter.
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doublets where the precision q/as worse than 5/10e, the
intensity of the peaks was below the average intensity
for rare earth chlorides. fn all cases, the precision was
not limited by the potentiometer used to determine

^v/v.The highest resolving power obtained to date has been

-200 000 measured at the base of the peaks, and involved
the intense peaks in the CdClz 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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Flc. 7. Block diagram for the
control circuitry.

signal whose phase indicates the appropriate adjustment
to be made in AZ to obtain a null.

The mass difierence of a doublet may be determined as

described above in eight dífferent ways which are permuta-
tions of tle following variables: the direction of sweeping
the ion beam across the collector slit, the routing of the
reference peak (M) tårough gain A or gain B, and the
choice of reference peak (i.e., the choice whether AZ is
added to or subtracted from Z). fn order greatly to reduce
the likelihood of systematic error in the final result, the
unweighted average is taken of these eight values. Before
each run, the instrurnent is refocused in at least a minor
way. Approxirnately 20 such runs are taken by at least
three different operators and from these values the mean
and the standard deviation of the mean are calculated.

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

II. PRECISION

fn its present form, this instrument has been used to
obtain values for a number of close doublets (AI\[/M

-----------l

L--______________ __ ______ _____J

-1/50 000) in the spectra of various rare earth chlorides.
These values will be presented elsewhere.26 The precision
of this work is shown in Fig. 8 which gives a histogram of
the values oÍ 6M/M obtained for the first 12 doublets
studied with the instrument as described. Here ðM is the
error assigned to a mass difierence, 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'g. The best was 2.5/l0e and was obtained for the
relatively intense doublet

16eT.b35Cl2- 165H037CI2

on the. basis of only 18 runs.
fn general the precision appears to be closely related to

the intensity of peaks being matched. For the seven

t234567A9toil12
(ârvr/M) rN p¡nts . pea ro9

Frc. 8. Precision achieved with the mass sDectrometer. This is a
bistogram of valueb oÍ õM /M for 12 doublets sÈudied (ôi1 is the error
for a given determination and -t11 is the mass at which it occurs).
The number of runs for each doublet is indicated in the square
representing the doublet.
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Fro. 6. Potential supply for elect¡ostatic analyzer.

As the instrument is double focusing, the peak position
is insensitive to the accelerating potential. However,
strictþ to satisfy Bleakney's theorem and thus to ensure
that the two ion groups traverse the identical path, V"
is changed by A,V" in the same fashion as tr/. The same is
true, in a strict sense, for the voltages provided to the
quadrupole lens. Ifowever, 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 o may be calculated precisely ftorn AM, M, and V o.

When the two members of a doublet are chemically
dissimilar, A,V o 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 Sp which is located at the direction
focus of the electrostatíc 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 vaìue
required by Bleakney's theorem may be readily detected.

The potential supply for the electrostatic analyzer is
shown in Fig. 6. Z is provided by eight 97.2 V mercury
reference batteries (Eveready E 302 4ó2) while Atrz is
presented to the chopper and the resulting square wave is
applied across the two 200O resistors. A precision poten-
tiometer, described by Bishop and Barber,le is then used
to determine both I/ and Atrz relative to the same standard.

The power supply for this traveling potentiometer has
as its reference an additional9T.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 

^V/V 
can'be determined depends on

the calibration of the divider chain in the potentiometer.

ET AL: 
1

Although this technique is basically similar to one used
previously in our laboratorylT and more recently by
Matsuda et aL,20 the precision attained with this new
potentiometer is significantly better. This method also
differs from that of Nier21 and Mclatchie22 and that of
Bainbridge and Moreland.2s For both latter arrangements,
V and AV are supplied by a battery driven resistor chain.
In Nier's circuit, the resistor chain is a r network and
LV/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
measuremênt 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 Z is absent.
Secondly, the impedance betvyeen the analyzer plates and
ground is low so that problems of pickup and of ion
currents arriving at the analyzer plates are much
reduced.

The mechanical chopper which switches Atrl on and off
also includes a switch used to supply a master trigger
pulse at a repetition rate of -19 cps (Figs. 6 and 7). This
pulse is used as the external trigger for the display oscillo-
scope and the Fabri-Tel< 1024 channel signal averager
(FT10s2).

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

The signal averager effectively divides the trace into
1024 intewa.ls, integrates the voltage over each time
interval, and stores a number from -64 ro 164 propor-
tional to the integrated voltage in the corresponding
memory location. Successive traces are added in order to
improve the signal-to-noise ratio. The memory contents
are continuously displayed on a second oscilloscope.

The application of the signal averager to peak matching
follows closely the work of Benson and Johnson2a and that
of Macdougall.2s A circuit, incorporated in the averager,
switches between add and subtract modes on successive
sweeps. A peak for mass /4 is added to the memory on odd
numbered sweeps while a peak for mass M' is subtracted
on even numbered s\¡¡eeps. Thus, when the peak heights
are made equal by gains A and B, and the peaks,appear at
the same stage of the oscilloscope trace a null signal
results. A slight mismatch results in an S-shaped error

!ì
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In particular the effect on the focusing of a nonuniform
magnetic ûeld was studied.

For ions traveiing in the median plane of the magnetic
freld, it was found that, while the individual widths of the
velocity locus (a*BzrBz) and direction Íocus (a^Bno'z)

would not be altered by small radial or azimuthal varia-
tions in the fi.eld, their positions would be shifted differ-
entially so that a double focus would not be formed. fn
this case, of course, Brz would no longer be zero. A suit-
abìe 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 Brr \Mould

be virtually zero.
Thus the calculations suggested that it would be suffi-

cient to adjust the instrument to obtain a first order
double focus. Because the second order aberrations are

relatively insensitive to geometry we should then obtain
a second order focus as well.

The calculations have recently been extendedl6 to study
the effect produced by the actual magnetic fringing field
on the double focus. This work indicates that, in general,

the effect is similar to the case of the nonuniform field
described above, although there may also be a small
deterioration in the second-order focusing properties.

The general procedure and tests for focusing are similar
to those used in focusing the 2.74 m radius mass spectrom-
eter formerly at McMaster University.lT To check the
velocity focus, the ion energy is changed by -22 Y on

every second sweep of the display oscilloscope. Lack of
velocity focusing results in one peak being displaced with
respect to itself. The direction focus is characterized by a
marked improvement in the resolution of the peaks. Addi-
tionally, the quadrupole lens may be used to vary o and

thus permit a test of the direction focus.

In the initial focusing, the principal slit was positioned
at its theoretical location relative to the electrostalic
analyzer and the distances (1" "ll'*) ar'd l"^ (see Fig. 1)

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

In the subsequent routine focusing, the first half of ihe
instrument consisting of electrostatic analyzer plus source

arm is swung about the intermediate direction focus. The
field necessary to bring the ions to the same point on the
oscilloscope screen is a maximum for some particular
angle. If the direction focus occurs at this same angle,
then the direction focus of the electrostatic analyzer is

being formed at the pivot axis. fnvariably both the direc-
tion and velocity foci occur.near this angle and a minor
adjustment in l,'* (Io move tfre direction.focus) or a lateral
movement of the collector (to move the velocity focus)
is sufficient to achieve a double focus.

Near the double focused arrangement, a further test
for the coincidence of the two.foci may be made. As noted

Sm Cl. Sm Cl Cl

Frc. 5. Oscilloscope display of the electron multiplier output.
From the left the peaks are r60Nd35cl2, 160Sm35C12, r48Nd36Cl37Cl'
148Sm35CI37Cl, and 146Nd3?CI2. The base resolving power in this case
is - 110 000.

earlier, when the two foci are separated , Bp 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, Bpis 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 co-efficients: Brr(0.1, 8n102, and
82210.5. Further, it would appear that slit quality and
uniformity of the deflecting fields are the limiting factors
in achieving more definitive vàlues of these coemcients.

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.l8 Let us suppose

that an ion of mass /1 traverses a given path through the
instrument in which certain frxed potentials are applied
to various electrodes (Z¿ would be applied to the ¿th

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¿:M'V'¿. (2)

Provision is therefore made for changing the electro-
statíc analyzer voltage from 7 to VIAV, on alternate
s\ /eeps. The magnitude of AIl is adjusted in order to bring
Mt to the same stage of the oscilloscope sweep as M. AV
is then determined. The mass difierence, AM:M'-M,
is calculated horr. AV/V and M.

,:,
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and above the pole pieces a small shimming gap has been
introduced to improve the homogeneity of the teld. Some
adjustment of the field uniformity can be made by chang-
ing the v/idth of the upper shirnming 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 freld 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 ûeld.
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 150X36óX2.5 cm steel plate with a grid of 20 cm
f-beams welded to its lower side. This table is supported
by eight pneumatic mounts which isolate the instrument
from building vibrations. Each mount contains a pressure

regulator and a rubber bellows which will support two tons
when inflated to a pressure of 7 kg'cm-2. A cylinder of
nitrogen will operate the system for over a month. fn 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 A¡m

The collector arm shown in the middle of Fig. 3 is
supported by a stainless steel frame attached to the
spectrometer table. A second ion pump (50 liters/sec) is
suspended from the collector arm and typicalty produces
a pressure of -3X 10-8 Torr during operation. of the
instrument.

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

- 110 000.

Because of the location of the 50 liter/sec ion pump, it
contributes a noise current of -16ts A in the electron
multiplier which can be objectionable when peaks of very
low intensity are studied. In this case the pump may be
switched off and the noise thereby reduced to less than
10-re A.

SPACER

COVER

LOCATING SCREW

POSITIONING MOUNT

FUSED SILICA

F¡c. 4. Cross section of the
electrostatic analyzer through one
pair of the positióning mounts.
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F. l'ocusing Procedure i
. ..:.

Prior to the start of construction the focusing proper- I
ties of this instrument were investigated in some detail.lã j
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Further details of the construction of the analyzer are

shqwn in Fig. 4 which is a cross sectional view through one

of the five positioning assemblies. The anàlyzet plates,

which are made of gold plated Armco iron, are supported
by fúsed silica blocks which, in turn, rest on the analyzer
base. The size of the gap is determined at each assembly

by a pair of cylindrical fused silica spacers. The position
of the plates relative to the reference surface may be

adjusted by means of the locating screvvs on each of the
outer mounts. The inner mounts have an Inconel-X spring
arrangement which presses the entire assembly together
and against the outer positioning mounts. In this arrange-

ment, the total variation in the mean radius of the analyzer
is -0.003 cm (with respect to the reference surface). The
total variation in the gap is -0.001 cm over the entire
area of the plates and much less in the more limited region

through which the ion beam actually travels. This results
primarily from differences in spacers (ground to 2.0000

+0.0003 cm) and variations arising in the grinding and

electroplating of the plates.

The cover and base of the electrostatic analyzer are

made of 304 stainless steel. The vacuum seal between
cover and base is made with a 1 mm diam gold wire
gasket. The pressure measured by the 140 liter/sec ion
pump is -5X10-8 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 freld, 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 frrst halJ of

the instrument, consisting of eìectrostatic analyzer plus

source arm, may be rotated as a unit about this pivot dur-
inø focusinø-

D. Magnetic lnalyzer

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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Frc. 3. The mass spectrometeÍ.
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The object slit Ss is variable in width and orientation,
as is the collector slit S". For a r.esolving power of 200 000
at the base of the peaks and with the image width equal
to the width of S", So ís 2.I ¡r width. The maximum value
of a is +10-2 rad, although S" is usually set to limit a to
=t2¡19-a rad. SB is typically set to correspond to,6:+S
X 10-4. The height of the beam is limited normally to
- 2 mm to ensure that all ions reaching the detector have
experienced the same masnetic field.

B. The Source

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

þ'rc. 2. Ion source.
A-Sample; B-oven :
C-Re filament (coated
with LaB); D-ribbon
heater and BN insula-
tion; E-Cu windinss
for electromagnet; F-
J cm.

Frc. 1. Geometry of the mass
spectro_meter: ø":100.00 cm; Õ.
.;94,Q5'; a^:62.74 cm; iÞ-:96".
I|.":4,45 cm; I't":17.63 cmi
l'^:^82^.49 ..cm; -ltt^:59.4ó cm j
e':27"; e":15o; 2þ:2.000 cm.

4t:
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heating frlament. 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 ky)
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. Thns, elechons are
ernitted from thdfi.lament and are constr.ained to follow
a path along the axis of the source, passing through the
hole in the back of the oven and then oscillating back and
forth. Within the oven a plasma is formed from which ions
are extracted through the front hole.

For total electron emission currents of 5 to 100 mA, ion
currents f¡om 0.5 to 25 ¡rA have been obtained with an
energy spread of less than 2 eV. In the work done to date,
the samples have been solids (CdClz or rare earth chlorides)
which are vaporized in the oven.

The source arm is shown in the upper right corner of
Fig. 3, which gives a view of the entire instiument. The
ion beam is centered and focused on the principal slit by
means of an electrostatic quadrupole lens. The position
of the slit Ss relative to the electrostatic ana.I7,2¿¡ can be
adjusted by a rotary table mounted on the I-beam support
which, in turn, is bolted to the electrostatic analyzer base.

C. Electrostatic Analyzer

The electrostatic analyzer is a cylindrical condenser of
mean radius ae:I m and secto¡ angle óe:94.65o, as indi-
cated in Fig. 1. The analyzer gap is 2 cm and the field is
telminated at the physical boundaries by blocks positioned
according to Herzog's theory.la
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A High Resolution Mass Spectrometer for Atomic Mass Determinations*
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A high resolution, second-order double-focusing mass spectlometer has been constructed for the precise deter-

mination of atomic mass differences. The instrument has a mean radius of curvature in the electrostatíc analyzer

of 1 m and has operated with a resolving porÃ'er at the base of the peaks of -200 000' Details of current operation

are given. The best precision achieved to date is 2.5 X 10-'g, corresponding to -250 eY .at M:100 amu; typical pre-

cision is -5 X 10-e.
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Although a brief preliminary description of the design

and construction of the new Manitoba mass spectrometer

has been given elsewherel2 we here prèsent further details

together with information concerning its performance'

I. THE MASS SPECTROMETER

.ã" GeometrY

Of the many instruments proposed by Hintenberger and

König,7 the geometry chosen for our purpose has deflection

in the same sense in both electric and magnetic fi'elds plus

straight magnetic field boundaries, The advantages in

choosing this arrangement, shown in Fig. 1, are the

following.
(1) A" intermediate direction focus is formed (aL l'!'")'

by the electrostatic analyzet' This permits the use of the

eiectrostatic analyzer as an energy aîalyzet 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 I'"' J""' l,'*, and l"'* ate aÊo

relatively short so that problems due to mechanical vibra-

tion and stray magnetic frelds are minimized'
(3) It is not necessary for the ion beam to cross a curved

magnetic fi.eld boundary at a prescribed angle'

The scale of the mass spectrometer was determined by

choosing ae:! m. The total length of the ion path is

4.59 m and the over-all magnification is 0'50' The values

of ths other geometric FarêFeters are given i¡ Fig' 1'
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INÎRODUCTION

IGH 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 a and velocity a:a¡(lt$ will fall a
perpendicular distance

y3:ø^{B:p,*BrP+B:no,+BnaþIBzzß2} (1)

from the optic axis after traversing the two ûelds. The

coefficients depend upon the distance l"- traveled from

the magnetic field boundarY.

The well known theory of Herzogl allows fi'eld arrange-

ments to be chosen for which B1:fir:g (for a particular

1,"*), thts providing first order double focusing. Subse--

quently several instruments which additionally provide

Brr:0 were designed and built.2-6 Finally, in 1959'

Hintenberger and König7 reported an extensive study of

the second order focusing properties of such fields and

proposed a number of arrangements which provide com-

plete second-order double focusing (Btt:3t : 3zz:0)'
In 1963, when planning of the present iistrument was

begun, no high reSolution mass spectrometer-possessed

complete second-order double focusing. Since then,

Matsuda et aI.F\o have described a novel high resolution

mass spectrometer which theoretically achieves this objec-

tive. In practice, however, the measured second-order

coeffiÇients differ significantly from zero.rr
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FIG. 1. Plot of dorble-neutron Bep¿rration enerry (S2r) and of neutronaairfng enerry (pr), both ae funclons of
nentron nr¡mber. Data a¡e for isotopes of the ever-z elements ln the reglon g2sJvs 126.
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(U) fne energy of deformation extribited by nu-
clides with N = 90 is teast for Z =60 (Nd) .and
shows -a small but steady increase in going to
Z =62 (Sm) and Z =64 (Uy). ttre relatively high
value of S' at -tOy (w =88, Z =66) may suggest
that this nuclide has already acquired a small
ground-etate deformation. But in going from
JV=90 toN=92, although there is also a Z depen-
dence, the incremental effect is greateet for Z
= 60 (Nd).

(c) Wtren viewed over a range of two neutronÞ
the eegments of adjacent curvea are usually par-
allel to one another, tlat is, irregularities are
reproduced for the same neutron numbers.

(d) The most conspicuoue irregularittes lle in
the region 106 -< iV -< 110.

(e) getow iV - 106 the shape of the curves (which
are strikingly different from the ..regular,,

curves referred to earller) indicates that for
certain elements the mass effect associated with
deformation continues well beyond 92, but at a
more gradual rate.

(f) fne curves above N - 110 do not individually
reveal the disapperance of deformation, rather,
this dieappearance is indicated by the large sep-
arations behreen the curves for Z =74 (Wl, Z
= 76 (Os), and Z = ?8 (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 relationshiptz

.P'(¡t) = (-1)¡/å[2s¡fN)-s"(N-1)-s,(N + 1)]. (3)

These pairing-enerry curves are a refinement
and an extension of the pioneer work of Johnson
and Niere and Johnson and Bhanotr3 who drew at-
tention to maxima in the region of g0 and 116
neutrong. lVith reference to tåe lower portion of
FiB. 1, attention ls now drawn to the following
specific featr¡res:

(S) ltN=90 tåe neutron-pairing energies show
a definite rnåJdmum f.or Z = 62 (Sm) and, Z =64
(Gd), a probable maximum for Z =60 (Nd), and
a poesible maxlmum fot Z = 66 (Dy). The great-
est effect appears to occur tt Z = 62 (Sm) and
Z =64 (@).

(h) A second maximum in the neutron-pairing
enerry appears to occur at N = 116, although the
curve for no element actually passes through the
maxlmum. But the curves î.ot Z =?6 (õî) ana
Z =78 (Pt) suggest the existence of this maxi-
mum, and those for Z =74 (1V) and Z =80 (HC)
are not inconsistent with this hypothesis.

(i) Setr¡reen these two maxima, the neutron-
pairing energy appears to decline steâdity to a
minimum in the region 106 <N -< 108. This is
undoubtedly related to the transition region re-
ferred to in comments (d), (e), and (t) a¡ove.

(i) fne pairing energies f,or Z =80 (HS) and
2 =82 (Pb) appear not to follow the same trend
as they approach the 126-neutron shell.

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

N+
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NEUTRON SEPARATION AND PAIRING ENERGIES IN THE REGION 82 -'N -'126*
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Results of a systematic study of atomic-mass differences in the region 82 < N -< 126

are presented as plots of double-neutron separation energy and neutron-pairing energy.

These plots provide information concerrring the extenü of the nuclear deformation which

beginsìn the region of 90 neutrons, its dependence upon Z, and its gradual dissappear-

ance in the region 106 ÉNÉ 116.

1..1,..:,;,:_,a,:

In 196412 and 19653 some of us reported a se-

ries of precise atomic-mass differences in the

region N - 90, which provided accurate informa-
tion concerning the mass effect associated with
the onset of nuclear deformation in that region.
We have since extended this work substantially'
using improved techniques and employing both

the original high-resolution mass spectrometer4
and a newly constructed oners and can nov¿ pro-
vide a fairly complete picture of the mass sur-
face between the 82- and 126-neutron shells.

r The details of this work, including the major
'comments on its interpretation, will be reported
in due course in a series of papers' brrt the over-
all picture is sufficiently informative to warrant
its prior Presentation.

, As in earlier work, most of the mass differ-
' ences have been obtained by studying doublets
of the tlpe

LM =AX t"uCl-A-"Xr"'Cl, (1)

r where X, and Xrmay or may not be isotopes of

the same'element. The fractional spacing of the

various doublets studied ranged from one part
in 8400 to one part in 115800. The error associ-
ated with AM was usually in the range 1-4 keV'

: Since the 3?cl-35C1 mass difference is known to
'' 

0.4 kev.t't double-neutron separation energies
Sro can be calculated to virtually the same pre-
cision as LM,viz.

Sz, = Zn-(Ax ,-^ -'x 
,)

=2n-(3'Cl-3scl)-aM (2)

I for cases in which the doublet contains isotopes

r of the same element. For cases in which iso-
topes of different elements are involved, the
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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 Sro for
even-7, even-N nuclides fromN =74to N=126.
The many data relatingto odd'-Z and/or odd-N
nuclides are omitted in order to avoid congestion
in the figsre. The values for Xe and Ce (taten
from the 1965 mass tables which in this region
is based primarily on the work of Johnson and

Niere and Damerow, Ries, and Johnsonro) are
included to show the characteristically "regular"
shape of the curves of S, vs N in the region 50

-'N <82rrr 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 ?0 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) fne injection of the new data has produced

a marked increase in the regularity of the Sro

curves in the region 92 -<N -'126. One may now

ascribe special significance to the irregularities
that remain.
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MACFARLANE (Mclt{aeter) ¡ In thls reepect $rerve Etarted to
meaeure eome O-valuee for thermal neutron (nrc) reactione
ln this regJ.on. And there wfll probably be about elght
or nlne casea that wetll be able to measure and thle wlllprovlde aome oonnectlon between elements.

DUCKWORTH¡ lrd like to say at the rlsk of detaylng aLl of
us, that we had at McMaeter UnLverelty before rúe moved to the
Unlverelty of Manltoba, a unlquely harmonioua arrangement,
and I uee the word unLque ln lts true sense because I am
eure lt has not exlsted before. $te were deternlnlng theae
blnding energÍes ln the 90 neutron regJ.on. Ron MacFarlane
wae determlnlng cr-decay energles ln the same region and
Terry Kennett and othera wetr€ dolng capture ry-ray work
uslng the new Ge(Lt) technlques ln the eame regJ.on. And
we had at the eame tlme Preston and Sprung who were in-
terèeted fn calculatlng the blndlng energy of nuclear
matter. f donrt thlnk ever ln one laboratory, certalnly
not ln a emall laboratory, have so many people been to-
gether wlth common Íntereet. And when we would have a new
value we'd run upstalre to MacFarlane to see lf he would
have eomethtng that would eompare wlth lt. And eometlmee
he would run down trlth new values that he had. It wae
tremendouely etfmulatJ.ng. In a Ítay, Lt was a mLcroeogm
of what thig conference repreeente. lhat wae one of the
great regrets that I hadr and the reet of us, when we
declded to move to the Unlverslty of Manltoba.

Now that ls purely gratultouE but lt lg ln the
eplrlt of the conferencê.

HINTENBERGER (Malnz) ¡ You now have eome connectlone between
nuclldes of, dlfferent glgmente. Can you eay anythlng about
the ß-decay energy eg 187¡s from your nêlt measuiementea

DUCKI{ORTH¡ I have lt ln the tabulatLon. Many decay
energlee, of coureer can be calculated and my recolleotlon
ls that we have re-calculated thls and agree wlthln the
Llmlts of the error wlth what appearo ln the Maes Table.
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thaE I notice bhÈre ând I was wondertng whether Èhere
was any reaJ. phys!.caL slgníficance ln l-È. If you look
at, the 3 Xenon polntso Lhey seem Lo extend rlEht In
across the break Lo the Nd and the Ba seems to exÈend
across dlrectly Lo the Sm, the Ce to the Gd and" In facÈ'
the finst two Gd points seem Lo line u¡r wdÈh the Sm last
twrc polnts. There seema Èo be ar¡ fdentlfLcatlon of
correspondfng energy levels fro¡n Ba lnto Sm ln eome way.

DUCKWORTII¡ We0ll hear perhaps from Ze1des Lr¡ a mlnuteo
but I should thlnk this ls fortultous. Before the 82
neutron shell, the curves are negular andothèy are spaced
by roughJ.y regular amounts. And then after the 82 neutron
shelL thlñge adjust to reaaonable regul.arÅty êgaln and,
once again, Èhe spacings are about t'he same between
elements aB vras before. So that, lf one had a forÈuitoue
coj.ncidence between Nd say and Xer then he wouLd have
many others, becauee of thls equallty of ùhe epacinge.
Perhaps ZeLdes can read more meaning J.nto this, but I
thfnk lt ie fortuitoue.

ZELDEST I agree wfth thaÈ.
It would be nlce to measure as mLrch ae poeelble

doublets connectlng dlffenent elemerlte, because noltt after
thie nlce work you know a}mosü perfectLy about neutron
effecte on shell effecten .deformat'lon effects and so on.
But etllI thg ínformatLon about the protons ls mugh woreer
and you had four Leolated groups or even more wLth no
connóctlons between them in your four eli,dee. 8o it¡e
very good lf you can extend tl¡eee do¡¡blets wlt'h different
elements

DUCKI{ORTH¡ Yes, vte are aware that the connectlons between
dlf,ferent elements are espectally valuable. You wlIl under-
etand that they are harder to do hecause one has to have
In the aource rnaterlal that wlll produce l-ons of both
elements. Ànd I thlnk that the gap betvteen the reglon I
and the regíon II whlch lnvolvee fb would have been covered
lf it hadnit, been that the etudente who ttere workJ.ng on
thelr theses.and those who were plannlng to move the ln-
stru¡nent were both worklng to a deadllne. We ran out of
tlme tast Eulnmer before the Tb connectlons $¡ere nade'
Hovrever, I donrt thlnk those are dlfflcult, I thlnk theyrll
be made soon when we reaume the program¡ hopefully befofe
Chrl"stmas.



r..:i.:r,.".* .., r._i-r:i-ì-:;:

730/R.C. Barber

DIECUgSION

ZEl,DEg (JerueaLem) ¡ Thls ie ln connectlon wfth the proton
ehell effect. If you look at o-decay energJ.es from the
196l table (whlch ie essentlally baeed on Bhanot¡ Johneon
and Nlerre doublets) and from the 1964 table (whlch le
based mainly on the Rueslan doublets) you see at the peak,
a gap beyond Gd, and you go from Gd to Dy whlch ehor.re a
gap beyond 64 protons as lt ehould be fn spherlcal nuclldee
because t-lre l.rrrd5l2 ehell closes there.

But then when you go to the rlght fnto the deformed
reglon t,hen the llne of Dy ls ¡nuch steeper than that of Gd
and the gap above Gd dlsappears. Now lt seemed that, there
le a b19 gap beyond Dyo between Dy and Er. And tn the
Nilseon diagrams you can aleo find eomethlng above the 66protons. But then wlth the newer data, t,he gap beyond Gd
on the left, exLsts, buÈ when you Eo to the right, the gap
above Dy has almost, disappeared. I mean, theie l_s some--
thlngn but lf you go from Er eay to yb ltrs more or leesthe same as from Dy to Er.

So I want to know if your new data can say eomethlng
about the sltuatlon. f notLced you have connectLons wlthLn
elemente from 66, from Dyrto 71. So fro¡n your daÈa you
could plot the up-to-date graph and tell what happens above
66, above Dy.

DUCKIIoRTH (Manltoba) ¡ your Dy curve¡ of couree, extends
very much further than the llmlted curve that ?re ghowed.

ZEÍ,DES! From your data and from the nuç:lear dacay and
reactLon data I thlnk you can calculate the c-decays
appearlng fn thle figure tnto thå deformed reglon.
DUCKWORTH¡ The only analyeie werve done ls the plot of
the double neutron eeparation energJ.es, so all that I could
aay nosr.would be what one couLd lnfer from that curve that
was ghown on the boarde.

ZELDES¡ You have the data to calculate doubJ_e proton eep-
aration energles and flnd out.

DUCKWORTH¡ Yeg.

COHEN (North AmerLcan Aviatlon): In your plot of double
neutron eeparation energles, there le an intrigulng trend

.;:
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The total electrostatic analyzet vo\tage V is rnea
sured in two steps by a digital voltrneter and the change in
voltage AV is deterrnined by rneans of a potentiorneter.
When the error introduced by these instrurnents is added,
the error in the new deterrnination is increased to 2. 3 p u.

As shown in this figure the new value is in good
agreernent with several values for this doublet obtained
over a nurnber of years in our laboratory using the 9'
radius instrurnent and various rneaguring equiprnent. In
particular, it should be noted that the last value was ob-
tained with a set of equiprnent which,except for the en-
hancetron, is distinct {rorn that used to obtain the new
value.

The part of the error representing the reproduc-
ibility of the results is unfortunately, sornewhat larger
than we expected. \Me believe, however, that this reflects
borderline intensity coupled with srnall fluctuations in peak
position which were quite cornrnon during these measure-
rnents. Accordingly, an effort will be rnade to correct
these problerns before we comrnence the work in the
upper rare earth region of the periodic table.

t.

2.
3.

4.

5.
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R.C. Barber/727
After these basic geornetrical adjustrnents have been

rnade, routine focusing is carried out as follows. When
the electrostatic analyzer ís ñìoved about its pivot, the
field necessary to bring the ions to the sarne stage of the
oscilloscope trace is a maxirnurrr for sorne angle. If the
direction f,ocus occurs at this angle also, it indicates that
the electrostatic analyzer ís direction focusing correctly.
Our experience is that the direction and velocity foci in-
variably occur near this angle and either a rninor correction
in the source position (to.rnove the direction focus) or a

lateral rnovernent of the collector (to rnove the velocity
focus) fs suffi cient to achieve a double focus.

Fie. I is a photoÉlanh of the live displav of the tri-
plet I14Cã35Ct, - 1126635iI37C1 - 110ç¿37 il,'at rnass 184.

The rnass difference between the two strong rnernbers is
I152,000 so that the resolution here'is about 1/160, 000

at the base of the peaks.
The surn of many traces of this type as accurnulated

by the enhancetron is shown in Fig. 9.-- . This picture con-
firrns that the noise to the left of t¡. 114ç¿35i12 p.at is
randorn.

\{e have not as yet carried out a systematic invest-
igation to measure the upper lirnits of E}11, B¡¿ and 822.
ÉIowever it appears that the present lirnitation to the
resolution arises fr.orn the low intensity which we are able
to pass through the principbl sIit. The rnaxirnum useable
resolution achieved to date is L|200,000 (base).

Res ults
As a check on the perforrnance of the instrurnent we

have re-deterrnined the iI46¿35ç1 - ll7ç¿37 Cl rnass
difference. This was done using the peak rnatching tech-
nique and the enhancetron null detection systern which was
des cribed earlier by Professor Duckworth.

Each run consists of 4 deterrnínations which rePre-
sent the possible perrnutations of adding or subtracting AV

and sweeping the ion bearn across the collector slit in both
directions. The rnean of these 4 values is then the value
for that run. The mean which we have shown in Table I
is the rnean of the values for 19 runs made on 5 days of
ôperation. The standard deviation of the results rs Z. 0 Uu.
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Fig. B

Hlñ v the digital- memory after
of the display shown in

Liyç_diEplay of the_triplet l-l4cd35CI2
- 112s¿35Cr37ct - 110ç¿37ç12. The mass
difference between the two intense peaks
is L/52,000.

Contents of
many sweeps
rrY.
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ar-rrplified signal frorn the electron rnultiplier is viewed on
the sarne oscilloscope that provides the sawtooth.

vestigated in sorne detail before construction began (Zl.
Irr particular, the focusing was exarnined for the case
where the instrurnent is set up to the designed dirnensions
but the rnagnet field is not uniforrn.

:., ::::
': ...:j:.:_ . :......

::..: .::.:..:::':;.:.:,.::..:,,,,;;:,.,,.¡..;.;.:.':....1 . focus as illustrated in Fig'7' In this caget of course'
,)|..j:-:']'ì:]:ì':1ì',:::i.-1:

bring the two foci together althought not necessarily at the
theoretical position of double focus. In thie case BIZ was

"irtually zero (for AM/M = 1/500, 000) as weIl.
Our conclusioh frorn this was that it was necessary

to find only the correct position for a first order double
focus. Since the second-order aberrations are not ex-
tremely sensitive to geornetry we would then have a second
order focus as weII.

The focusing procedure and the tests for focusing
are sirnilar to those used in operating the large rnass
spectrometer. The ion energy is changedby 22-ll2 volts
on every second sweep of the oscilloscoPe. Lack of
velocity focusing results in a peak being displaced with
respect to itself. The displacernent rnay be detected
either on the live display or by using the enhancetron to

,:,,.''r:.,,:::.:,:, ,::i,::,.',,,:.:-:::.::r: --',, , .,1.,. tttatch a peak with itself. The direction focUs is char-
'.j.l'.ii.: ::-:. --::--:. -:-::-.i-:-.,,: --'.-.-.-'''.:-:: ' .'" ' : ì":j-' 'r:ì' :'':-:' J'' acterized bv a marked increase in the resolution of the

,'.¡.,-.:-.": :.,..,,-,..........,:,,,',,,,,1.,,,.... peaKs.
,-r., .,., , ;....,.',,,:......:'..'.::::.:;.;.:.:.1 In the initial fOCuSing, the prinCipal Slit WaS plaCed

at its theoretical position with respect to the electrostatic
analyzer The distance between the electrostatic analyzer
and rnagnet and the distance frorn the rnagnetic field
to the collector were also set. Then the eirtire instrurnent

;r¡:,;,:...,.::.r.....::..:.:-.::--..r-....::r.:.-:..:...:i...-, 
was adjusted relative to the rnagnet to correct for the

:.-,.. ::.: :..:.. ......:.ì.., ..... :............,.. . : fringing field of the rnagnet. This adjustrnent is equivalent
;'. r''r' :::' ' 

to moving the rnagnet along the bisector of the angle de-
fined by its entrance and exit boundaries.
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-E'r_q. b Complementary vie\^/ of entire instrument.

Fig. 7

ò4 ttoll

Calculated ion trajectories at the finalimage of the instrument for a non-uniform magnetic fie1d.

:::



R.C. Barber/723
inner positioning mounts.

The electrostatic field is terrninated at the physical
boundaries of the condenser by Herzog terminating blocks'

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

The analy zer is supported by 3 baII bearings located
approxirnately along the tangents to the ion path at the en-
trance and exit of the electric field. A pivot is located
directly below the direction focus of the electrostatic an-
alyzer. This arrangement allows the analyzer to be

moved easily by hand during focusing.
Magnet
The pole pieces of the magnet shown in Figs. 5 and

6, are each a single block of Armco Iron and separated
by 1" inconel spacers. Below and above these pole pieces
a shimrning gaP has been introduced to irnprove the uni-
forrnity of the field produced. The yoke is rnade in three
sectors with 2 exciting coile on each sector. Sorne adjust-
rnent of the field can be accomplished by adjusting the
width of the upper shirnrning gaP.

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

The rnagnet coils are water-cooled and are designed
for a 60 arnp, 100 volt suppty. A transistorized currqnt
regulator maintains the current constant to about Ii10"
(or better) for short terrn.

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

Dete ction
A pair of Helmholtz coils, located (Fig. 6) at the

exit boundary of the magnetic field, is driven by a saw-
tooth current. The resulting rnagnetic field sweeps the
ion bearn across the collector slit at 30 cps. All ions
passing through the collector slit are de tected by a low-
noise high-gain electron rnultiplier (Bendix, M310)' The
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Fig. 4 fnterior of electrostatic analyzer.

View of entire
¡nn]-rn-l n¡no'l

Fig. 5 instrument showrnq
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is a conventional electron bornbardrnent source which
rnay be fitted either with a gas leak oi with a srnall oven
rnounted on the back of the repeller electrode. The-. .:.. . .1 _ :i. -r.: - .--.

,;,,.,,,,.,.,.-.,.,,.1',.ì:...:'.::,:,:,',r,:,,:.,..._.... sotrrce potential,¡r ZOkV, is derived frorn a cornrnercial
supply *fti.f, was rnodified to provide a short terrn var-
iation in voltage of less than IlZ0, OOO. The ion bearn
frorn the source is foc¡rsed on the principal slit by rneans
of an electrostatic quadrupole lens designed to produce

, . .'.,' .: : ' t']ne Z- direction. Bearn centering is accornplished by. .: ..:: : .: :

applying srnall bias voltages to the quadrupole lens.
: ...,.',, ..;:,,;.,.,-.,.,-..,,.,-.,... ... ,.,.,,., The position of the principal slit in the horizontal
' ' ' '.,', .r.: ':.:.:' plane rnay be adjusted relative to the electrostatic anal-

yzer by the rotary table which is rnounted on the "I"
bearn support. The slit is directly over the center of
the table. The supporting I'Iil bearn is bolted to the
electrostatic analvzer base so that the entire source
assernbly rnay be 

-rnot"d 
with the electros tatic analyzet

as a unit.
Ele ctros tati c Analvzer
The interior of the electrostatic anralvzer is shown

in Fig. 4.
Each of the two electrostatic analyzer plates is

rnade of Armco iron and is gold plated. The plates are
positioned relative to the inner edge of the stainless
steel base plate. The rnean radius of curvature is 1. 00
rnetre as noted previously, and the separation of the
plates is Z. 000 cm. The variation i n the radius of

:....:. ..:,..::::.:..:..:..-...ì.:...:.ìr.; .:....:.: curvature is ^z 0. 003 mrn. (. 0015,,) and the variation in,.::.-...,:-r:).i,)..,::.:::.:.:.:.:,::.::..::::.:..:...:..: 
the gap iS ¡r,0.01 mfn. (.0004).

, , ,,, , t 
"' 

'., ,.' .-.:, ., ,' , , The plates are supported by 5 quartz blocks which' . ....:... :.. :';:: :. ,, ,, ,',. ,.''. have been accurately ground to the sarne thickness
(-.01 rnrn. or. 0004'r). The gap is deterrnined by 5

pairs of quartz spacers, which are grounð to 2.0000 t
3 crn. Of each pair, one spacer is at the bottorn of the
plates and the other is at the top. The position of the

:

'"¡"'"""t.'..,.,',.,'..',t'',t.-'"," " :" by a locating screw on each of the inner mounts. The
outer rnounts have an inconel spring arrangernent which
presses the entire assembly together and against the



720/R.C. Barber
Vacuurn Svs tern
The entire vacuurn systern is rnade using 304 stain_

less steel. Metal gaskets are used throughout except in
the valves and on the source side of the principal slit
where Viton "Ott rings have been used. The rnain
charnber is evacuated by a 140 l/sec ion purnp, Iocated on
the electrostatic analyzer and a 50 l/sec ion purnp, be_
tween the rnagnet and the collector assernbly. Typical
prejrsures at these two purnps are Z xLO- I torr, and 6 x
10- ö tomr respectively.

Fig. 3 is a photograph of the source arrn, showing
the sour,ce, slit controls and vacuur'' arrangernent. The
two oil diffusion purnps, which provide differential purnp-
ing in the source and lens regions, have an untrapped
speed of i00 Ilsec and are equipped with water-cooled
baffles, liquid nitrogen traps and gate valves for isolat-
ing the sourc_e region. The usual operating pressÌlres
are'lZ x I0-5 torr in the source and ^, S x fb-7 torr in
the lens section.

Source
TãE-Eõurce arrn is shown in Fig. 3. The ion source

,:

l{

Fig. 3 Source arm of instrument.
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Fig. I Geometry of second-order double-focusing
mass spectrometer.

which was chosen to be 1.00 rnetre. The total length of
the optic axis is 4.59 rnetres and the overalt rnagnific-
ation of the instrurnent is . 50.

Fig. Z shows the physical layout of the apparatus in
sornewhat different detail. The principal slit, 51, is
variable in width and orientation and would be ?. Z rnicrons
wide when the instrument is set to give a resolution of
I/200,000 at the base of the peaks. The angular spread
accepted by the instrurnent is deterrnined by the slit 52
which is usually set at 1. 2 mrn. This value corresponds
to c( =i 2 x 10- J radians although the rnaxirnurn value of
e¡ (determined by the position of the fringe blocks) is lO-2
radians. Slit 53 is located at the direction focus of the
electrostatic analyzer and would be typically set at 3 rnrn.
corresponding to F =t g i tO-4. The height of the bearn
traversing the rnagnetic field is lirnited to'pZ rnrn. by
S+.

The bearn can be rnonitored by collectors at two
Iocations; one is hehind tte p slit while the second is
a rnoveable probe at the exit boundary of the rnagnet.

,6.J7ßr6'.r-

t:l

l:
ta



t;ì f..t:,-ì.:

PART II: A New Second;Order Double-Focussing Mass
Spe ctrorne te r

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

University of Manitoba, Winnipeg, Canada

Following the 1963 Conference on Nuclidic Masses
in Vienna, we decided that the next step in atomic rnass
determinations should be the construction of an instru-
rnent which would provide cornplete double focusing üo

second order. Prelirninary work in this direction began
in January L964 and was followed by the start of constru-
ction in the surnrner of that year. The assernbly of the
instrurnent took place at the University of Manitoba frorn
May 1965 onwards.

An extensive study of the second order geornetry of
rnass spectrorneters and spectrographs by Hintenberger
and König (1) led to the proposal by thern of a nurrrber of
instrurnents which would provide partial or cornplete
second-order double focussing. The instrurnent which
we selected as the rnost desirable one of this group is a

rnass spectrorneter with deflection in the sarne sense in
both electric and magnetic fields and vúith straight rnag-
netic field boundaries. The geornetrical arrangernent
is shown in Fig. 1. The considerations in selecting
this instrurnent were the following: ¿ t,

(l) An interrnediate direction focus is forrned at lg
This permits the use of the electrostatic analyzet as an

energy analyzer with a resolution of about I volt.
(Z) The total ion path is not unreasonably long. Also

the individual distances frorn source to electrostatic an-
alyzer (1J ), the separation between the two fields(d), and
the irnage distance (1i, )are all relatively short.

(3) It is not necessary for the ion bearn to cross a

curved rnagnetic field boundary at a prescribed angle.
The scale of the instrurnent is deterrnined by the

rnean radius of curvature in the electrostatic analyzet

7 J,7

ReprinÌe-d from Proceedings of the

Third lnternational Conference

on Afomic Masses

WinniPeg, l9óZ
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CHAPTER 4

PEAK MATCHIIVG BY COI4PUTER

The L024 clnnnel memory of the sígnal averager

has been split into four quadrants. The refer_
ence peak is stored. in the first quad.rant,

while the second peak is shifted near to
coincidence by addingi voltages AVlr LV2r

ÂVg to V, and the three corresponding'spectra
arê stored in quadrants two, three and four.
The position of the second peak rel_ative to
the first is found. as a function of Àv and

the Âv for a match is determined. The pre_

cision obtained is compared to the statistical
limít set by. the number of ions;

ïntrod.uction

As noted in chapters 2 and 3, 'the peak matching method
of determíning a mass difference depends on a theorem d.ue

to Bleakney (1936). Thus all voltages should be sr,vitched

in the ratio 
+ = 

+, 
i.e. the accel-erating voltage, Va,

must be switched. by an amount of ava and strictly speaking,
voltages on the quadrupole lens erectrodes should also
be switched- Ho\nzever, for the narrow doublets reported
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here (AM/M "v L/40,000), the effect.of
voltages on the spacings is r"giigble
voltages were not switched

': -..: :,: : :. : : 
".: 

1..:.. :

the quadrupole switching

and therefore these

A brief description of the computer peak matching method

has been given by l4eredith et aI (1971). Here we shall
give more details of the voltage supplies and the switching

mechanism, as well as a report of the results on two cadmium

chloride doublets.

Description of Apparatus

The Fabri-Tek FTl052 signal- averager, used originally
for the visual null method of peak matching, has been modified

by splitting the memory into four sections of 256 channels.

During the first quarter of a cycle (f cycle = a svreep of
all L024 channels) 

^V 
= 0, and a signal proportional to the

reference peak of mass M is stored in the first quad.rant.

During the second, third and fourth quarters of the cycle,
voltages ÂV1r LVZ and AVg respectively are added to the ESA

voltage, V, and the corresponding signals for the peak of mass

M' are stored in the remaining three quadrents. - The. whole cycle

is repeated. many times to increase the number of ions collected.

and to improve the signal to noise ratio (see for instance,

Klein and Barton f963). The accumulated memory contents are

shown schematically in Fig. 4-1 lvith the four quadrants d.isplayed

one above the other.

Generally, LYz is set near the expected value for the

doublet while AVI = Ly Z 6V and ÂV3 = Ly Z + ôV are set 0.IA

ì-:. ;,r.: ;,: i,:.L:
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to 1-0å below and above AVe. The lateral d.isplacernenL of the
peaks from the matched condition (the D. ) is exagEerated

for quadrants two and four. The displacernent D, is usually
very smal1 and is not shown in the figure

Either M or M may be used as the reference peak, that
is, the lighter member of the doublet may be matched to the
heavier ¡ or vj-ce versa. This corresponds to adding or sub-
tracting Áv. A1so, the ion beam may be swept in two differ-
ent directions across the corlector slit. we call these

"sweep forward" (where the lighter member of the doublet ís
displayed first), and the other is "s\^/eep reverse". Finally,
the av staircase may increase (N), or decrease (B), as shown

in Fig - 4-2b. Permutation of these three arrangements leads to
eight d.ifferent matching configurations. rn order to reduce

the possibilíty of a systematic error d.ue t.o the matchi.ng

configuration, all eight are used, and the weighted average

is called. one run. Fig. 4-L represents the memory contents
for N, Add., Forward, accumulated. after several minutes.

The Àv wave form shown in Fig . .4-2b is derived from the
circuit shown inFig4-2a using a Guildrine 9745/4 mechanical
chopper. The chopper was selected for low voltage applications
because of its very low thermal emfs (< 0.02pV) and very smal_I

variation in resistance between the gold contacts. lt is
d.riven by a synchronous motor via an rro'ring at an average
frequency of s.67 cps; separate trigger signars are taken
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from the fourth- set of contacts, labelled signals A and B.

These are used. to start the address ad.vance for each quadrant

at' 'ì,44 msec intervals. when the Fabri-Tek memory advance

reaches address 4 in each quadrant, a trigger signal is sent
to the oscilloscope. rt starts its sweep, and drives the
Helmholtz coils to mod.ulate the ion beam across the collector
slit. The actuar time ínterval for the corlection of data

is 25.6 msec (100 msec/channel), foIlov¡ing which there is a

d.ead time of q,'l msec. Then v and v- are switched to nern¡

values as j-ndicated in the figure i there is a further interval
of 't,10 msec for transients to die a\^/ay, and the process con-

tinues. The time base of the oscilloscope sweep is adjusted
to coincide with the quadrant sweep. since the avu which

corresponds to ôV is 0.5 to 5 mvolts¡ AV. need not be stepped

exactly to correspond. to the three slight.ry different av's
ÀV. is set to a precis.ion of tu0.1 volts at. the calculated
value for av"; and is then constant for the rast three¿

quarter cycles

In order to make maximum use of the information available,
the peak of interest is adjusted. to occupy as many channels as

possible in the centre of each quadrant, leaving about 30

channels at each end. to establish a base line. The memory

contents are read out onto magnetic tape, then the matching

configuration is changed, and the process repeated. when all
eight configurations have been usedr.one run is complete.
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As many runs as desired may be record.ed, usually with minor
refocussing of the spectrometer betrveen runs. one tape will
hold more than 15 runs, although. an average day is about 5 to
10 runs

computer Analysis 
,,; ,.,,r;j:.

The seven track tape is carried to the computer centre ',

: r .,.',. '.,,.',...for analysís on an rBM 360/65. The tape is read, and the ;'':':'::i :

binary record is translated to d.ecimal. Each record is then
,written Ín EBCDTG on a library tape. and the spectrum is
plotted on the line print.er for visual inspection.

The points A, B, c and D in Fig. 4-r are id.entified by
eye and are read into the computer on punched cards. The

base line is calculated between A and B and between c and D

for each quadrant, and is subtracted. from the peak between

B and C. The oveflap of tails from the peaks has the effect 
,,,,..,,.,,,r..,,,.,r-of reducing the calculated separation if alr of the pêak .:,. 

','

right down to the base line is used. stevens and l{orel-and l.;,li,'j,''

(1968) have commented. on this, theii lead has been forlowed
here. only that part of the peak lying 15? above the base
line is used. A further discussion of the effect of the ',.,.,,.,",,...:,,::,

tails will be given in Appendix B

fnstead of using the single highest point as the peak
height, the parabolic approxirnation of I¡leichert and Russell
(1968) is assumed near the local maximum. A seven point ;1;,¡;i;, .:
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least squares smoothing, deveropgd by savitzky and Golay
(1964) is carried. out to obtain a more reliable value of the
peak height. Then, starting at point B, the programme searches 

,.,,:.,,

for three consecutive points rying above the desired Lsz

level as shown in Fig. 4-r. The first of these three poínts
is labelled B' . rn order to treat the reading and trailing
edges in a si¡niIar fashion, the programme then goes to the ,,,.'

point C and searches backwards for three consecutive points .,,.,

lying above the cut-off level. The first of these is called
C' , the end. of the peak

Now we wish to knorv the number of ions in the peak
' betu¡een B' and C'. lrlork by Carnpbell and Halliday (1965) has

shown that the fundamental limit of precision ,in locating a

peak is determined. by the number of ions in the,Beak. Thê ideal
peak is triangular, and the weighted mean, or centroid, is
the best method of estimating the location. For a large

.'.:.:
number of ions, w, t.he triangle can be approximated by a i,,.-

normal d.i-stribution with a standard deviation of w/,8ñ, ,

Lt^ - Iwhere I,v is the full width at the base of the peak. After
subtraction of the base 1ine, the peak height is converte<l

to the actual number of ions by multiplying by a previously : ::.
..-...;.ì_.

determined calibration constant

The centroid and first four moments of the distribution
between B' and c' are calculated. From the second moment

the stand.ard deviation is calculated.; this aglrees with the
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estimate based. on w//zñ to within a few percent when the
cut-off level is "r,15¿. The third and fourth moments ar_10w

more detailed comparison of the peak shape;skewness and
sharpness :relative to a Gaussian.

Aft.er finding the centroid and its standdrd
the peak in each quadrant, the displacements Dl,
are calculated. As shown in Fig.. 4-I, Di is the
ment of the peak in quad.rant (i + 1) relative to
ence péak in quadrant one. The 

"=iorrin o. is di

deviation for
D^ and D^¿5

displace-

the refer-

where d.
l_

is the r.m-s. combinátion of the errors in locating the two
peaks. A straight line is fitted to the three pairs of
points (D. 1d . ^\7 + \z \ Tha i *är¡+ i ,"^ .r ^^ ^¿l- _.í, uui t vr). The itêrative least squares
fitting developed by t¡lilliamson (I968) takes into account
the errors in both coordinates. (See also Appendix A. )

The matched condition prescribed by Bleakney,s theorem
is D - 0; thus the intercept of the fitted line on the 

^vaxis is the desired Av. The calculated error ín the intercept
agrees very well with the error expected on the basis of the
total number of ions in the match.

A series of experiments was carried out to determine if
a linear fit was justified. A series of ten matches were
taken, each with av = 0 (that is, a peak is matched to itself)
and different ôv's applied, spanning the rang.e usually used.,
ranging from 4 times smaller to 4 times bigger than the normal
6v. A straight line, then second and third. order polynomials

ïn this vrork, 'error' means standard deviation, and the twoterms are used interchancleablv ' -.'¿u

1
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were fitted to the r"=-r"l-l set of abour 30 poinrs. rhis
was done for each of the eight matching configurations. rn
each case the coefficient of the quadratic term was three
orders of magnitude smaller than that of the linear term,
and had the same sign for both positive and negative sropes.

This introduces an error srnaller than the errors on the inter-
cept and slope. Moreover, since half of ttle configurations
lead to a positive srope and half to a negative slope, then
neglecting the quad.ratic term gives results slightly too
high for fits with posit.ive slope, and slightly too lov¡ for
those with negative slope. Thus, the small effect cancers

over a complete run. rf the curve were 's, shaped, there
would be little or no error introduced into the determination
of the intercept. However, a cubic fit resulted in essentially
unchanged lower order coefficients, and the cubic coefficient
hras four orders of magnitude smaller than the quadratic.

rn this matching of a peak to itself it was noted that
the peak in quadrant one was shifted by n,O.tg channels with
respect to the same peak in the other. three quadrants. This
is of the same size as the error of locating a single peak,
and becomes apparent only after considerable work. The effect
of this makes half of the determinations too high and ?ralf
too Iow, so that the final result is not systematically changed.
However, it resurLs ín an unnecessarily larger error in the
fínal result since the values for the eight configura.tions break
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into two groups of four.
is now applied to the D.

and averaging the eight

:¡¿::;:':ìi-:

4-9

A correction of 0.18!.02 channels

before fitting the straight lines
intercepts.

Results

Three werl known doublets in the spectrum of cadmium

chloride \'íere studied to test the operation and precision of
the new system" Table 4-1 shows the working resolving power
(FV'1HM), the values of ÂM obtained for individual runs, and the
rinternal' and 'external' errors as defined by Birge (1932).
The value of ÀM in colurrr 3 is the weighted mean of the eight
different matching configurations. since the standard deviation
on each maLch depends on the number of ions, all eight con-
figurations have approximatery t.he same weight. The internar
error in column 4 ís the error expected. on the basis of the
errors calculated for each match¡ The external error in
column 5 is calculated from the spreäd of the eight values
about their weighted mean. The Birge ratio (defined as oexE/

oirrt) is often about 5. This means that the dífferences
between results from the eight configurations is a factor of
five larger than would be expected on the basis of the pre-
cision associated with each match. The internar error of
t 0.5uu at t{ .r,2ggu is the lower limit attainable with the
number of ions collected and the resolution used. At present,
there d.oes not appear to be a systematic vari-ation of the
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result which- can be associat.ed wi.th Lhe matching configuration.
The larger spread, of the resurts is probably due to changes
in the spectrometer operation from match to match. source
conditions often change drastically due to sparks or sudden
evaporation of a small quantity of the sample. The quadrupole
settings often have to be adjusted srightly and the ESA may be
moved if refocusing is required. All 0f these may contribute
to the variation in the finar answer beyond that expected on
statistical grounds alone

The larger of oirrt and oext (l;e.oext) is then used to
calculate the final weighted mean for the 6 or Z runs on each
doublet. rn this final calculatíon the new internal and
external errors are the same size to within 52, indicating
that the assignment of an error of 1.5 to 4 uu for a single
run is realistic. The reproducibility of the spectrometer
from run to run and from day tá ary is as good. as its short
term stability from match to match within a given run.

compare the actual doublet values, Table 4-2 presents
determinations made in a number of different laboratories over
the last eight years. rt is seen that the present work has
achieved. the same precisi.on as the total of all past work
with about trvo to three hours of machine time, with onry one
operator in place of the two previously used

Finally, to show the improvement in precision of this
method over that obtained by the visual nur_l method, three
fristogrammes are shou¡n in Fig. 4-3. The precision for a
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doublet is ôt4/M, where ô¡,i is the standard. deviation for the
doublet and tI is the mass at v,,hich the determination was made.
This figure is multiplied by ,ñ, where N is the number of
runs for the given doublet, in order to obtain the precision
associated v¡ith a single run. The histogiranmes are plots of
the values of ô14@¡4.- The upper two histog.rammes are for
the visual nurr method before and aftei the installation of
the vibration mounts. The precision for a single run is
6.6 + 6Uu at mass 200u. The lower part is the precision
achieved with the new computer peak matching. The precisi_on
now for one run is 4.6 t gUu at mass 200U.

Tt is thus seen that there is a signifi-cant improvement
in precision. Moreover, there is a red.uction by a factor of
two in man-hoi.rrs required in instrument operation which is
not considered. in the above.
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ITABLE 4-T
CÀDI4TUM DOUBLETS

All Masses in Micro Units
R. P. (FWHM) A¡4 oirrt

r 1 6ç¿3 sc1_ 1 1 4cd 3'cI
Date

March

March

March

March

March

March

r8/7 !
L9

19

24

25.

25

123,000

168,000

165,000

117, 000

140,000

157,000

4343.7

4 351. I

4350.3

4345.7

4351. I

4347.0

4348 .7

M/ AM

0. 89

0.60

0. 65

0. 85

0. 57

0. 57

L.2

M/ Lþr

0.54

0.25

0.28

0.27

1. 13

0. 71

0 .57

1.0

M/LM N

0.96

(f
exf

ry 34,600

3.7

4.0

2.5

3.9

2.9

2.5

fu 42,000

2.r
r.2

1.5

2.8

2.6

2.r
2.0

5B,000

3.54

Weighted tfean

I I +Cd 3 UCI- t. I 2Cd t tCl

March 17 ,163, 0OO 3553. I
March 17 152,000 3547.6

March 18 156,000 35 46.3

March 18 150, 000 3545. 3

March 22 145,000 3551.6

March 22 139,000 3í4g.g

March 25 176 ,000 3547 .g

Vüeighted }tean 3548.5
I I 3cd3 scl_r I rg¿37cL

March 24 220 ,000 3L75.4

4-I3
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TABLE 4-.TI
CADMTUM DOUBLETS

-Source
rr 6cd3 sc1_1 r ucd 3 7 cI

ÂM (uu)

1963 McMaster, Visual_ 4353 t
1963 Minnesota ß52 t
L965 McMaster, Visual 4337 t

I{cMaster, Enhancetron 4344 t
L966 Aldermaston (t,p) 4393 t

McMaster, Nier Netv¡ork 4346 t
Vrleighted Average 4347.g I 1.3 uu

r 1 4cd3 scl_ I I 2cd' 7c1

L963 l4cMaster, Visual 3547 t
1963 Minnesota 3554 t
1965 Mcl4aster, Visual 3546 t

Mcli{aster, Enhancetron 3547 t
1966 Aldermaston (t,p) 3548 t

McMaster, Nier AÏetwork 3549 t
L'967 Manitoba 3 547 .O!
19 6 8 l4anitoba 3549 .2t

hreighted Average 3547.7 t .g uu
1r3cd3scl_rltcdsrc:-

1963 McMaster 3]-74 t

(a) Bishop, et al (1963)
(b) Damerow, et aI (1963)
(c) Macdougall, et al (L966)
(d) Mclatchie (1966)
(e) Bishop (1969)
(f) Bishop (1963)

2

4

3

2

10

2

2

4

3

3

10

2

2.3
2.I

Rêf.

(a)

(b)
(c)
(c)
(d)

(d)

(a)

(b)
(c)
(c)
(d)

(d)
(e)

(e)

(f)

4-r4
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CHAPTER 5

EXPERTMENTAL ATOMTC M?!SS DIFFERENCES

Doublet spacings in the chloride spectra of
neodymium, holmium, erbium, thulium and ytterbium
are presented. They are compared v¡ith other mass

spectroscopic data and with the 1964 Mass Tabre.
The values are examined for self consistency and

for possible systematíc errors

Introduction

The determinations presented here cover the rare earth
. 165 1'76,region from *iiuo to 'íå"o, along with three doublets in

Ndc12. This is part 9f a research programme to systematically
study the rare-earlh nuclides to obtain a better understanding 

,.,¡,,..,,1.-of nuclear binding energies. (see Duckworth et ar (Lg6g) for 
: : j

_:l:i.11a brief , overall survey of double neutron sgparation energies -,''ì',',

for 82<N<126.) Determinations of ma,ss differences in the
region of tlre onset of nuclear deformation, gB<N<92 have been
presented by Bishop (1969) up to '22oo. A mo.re1"*nr"ae picture ,.',,,,,,,,.,,,.,

of atomic mass differences and energy systematics for 59<E<69

has been given in a pair. of papers, Barber et al (rglL.o) and
lvleredith et al (t97ra). rlereafter, these two papers wirr be
referred to as paper TI and paper III. respectively. The : .,.

5-1
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experimental d,ata in this Chapter

68<Z<7 O I and in add.ition provides
doublets in neodymium

New Mass Differences

-

extends the above work to
a redetermination of three

fn most cases reported here, the doublets were of the

theform o*35cr - A-2y3'"r, 
where x and y may or may not be

same element. Except for 154s* - 154Gd, the rest of the
doublets \^rere of the type Ax35ct, - A-4y3r"ry v{hile the
latter type of measurement is carried out with ihe rare_earth
dichloride ions, the first type may be done v¡ith either the
monochlorid.e or dichloride. often the di-chroride ions are pro-
duced more abuncantly in the ion source, and, in ad.diLion,
the intensity.ratio oe x35c1 2 to x35ct37ct is more favourable.
The chlorine isotopes differ in mass excess by 2,gs2 ilu so that.
most of the doubrets studied range between 3go0 to 6600 uu.
Accordingly, LM/Mryt/40, 000.

The dichloride sþectra of erbium and ytterbium are shown
schematically in Fig.5-1a and. 5-1b, where the relative abundances
are shown as a percent of the total. Note that it is a semi-
1og scale and. that the íntensity is poorest at the light end.
Here AM is smallest, and the relati.ve intensities of the pair
are very badly mis-matched. By far the most difficurt doublet
was 168yb3'ar, - r70yu35cl37ct, 

where the intensity was 0.05a
to L'7Zt LM/t' = r/63,000 and ytterbium chl0ride has the
lowest vapour pressure of any of the rare-earth ch,.lorides.
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The twenty-four doublets presented. in this work are
listed in Tabre 5-r, arong with thê code letter which wilr
be used in thÍs chapter. corumns 3 and 4 give the results
obtained with the computer matching method or the.visual nul1
method respectively. For comparison, values obtained by this
group at McMaster üniversity, (Macdougall et al, Lg7o, and

!ühineray et aI, L97o) , are given in column 5. The 'adopted'
values of column 6 result. from a comicination of the varues
in columnS 3, 4 and 5.

T{hen two or more values of the same quantity exist, a

weighted. average is taken, and the larger of oi.rt o, oext is
used as the error of the weighted. average, (see Birge rg32,
and also Appendix A) . fn ad.dition, there are simple closed
loops: F, G, H¡ I, J, K; L, M, N and. V, W, X. In these
cases a least squares adjustment of the loops was carried
out to obtain the adopted. values. The values for A, B and

c, marked. +, are the result of an adjustment of eleven mass

differences in neodymium and samarium, measured both here and

at McMaster. (see paper rr, Table r, for arI of.the raw data.)
The Last column contains other com,oarisons/ generalry from
the 1964 Mass Tabre (Mattauch eL al, 1965a, b) , but arso from
the l4innesota (Benson and JohnsoÌ-r ]-g66) and Russ,ian (Demirkhanov,
1968) groups.

Comparison of Results

A visual comparison of corumns'3r4 and 5 is given in
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Fig" 5-2 a. The solid dots represent 'adopted - McMastêr',

with the solid error bar indicating the combined error on

the difference. The open circles represent 'adopted. -
Manitoba', and the error bars are broken lines.

Since the errors on the present work are about three

times smaller than those on the McMaster work, they are

weighted, about ten times as much in any adjustment. As a

result, the adopted values are very similar to the raw Mani-

toba values" This ís apparent in looking at the open circles

in Fig " 5-2a. Deviations are small, most less than I Iür

all the error bars span the zero line, and the points are

randomly above and below.

In contrast, the 13 solid points representing 'adopted -
McMasterr are all above the zero line, and only four error

bars cross the zero axis, while one just touches it. The

points corresponding to McMaster values tend to lie too high

by about 5 Uu.This suggests that the McMaster doublet deter-

.minations werer on the averâge, 5 uu smaller than the present

work.

A comparison with Figure 3 of Paper IT shows a similar

situation, although it was thouqht at the time that the data were

insufficient to draw firm conclusions. Now, with these two

sets of data, plus more doublets in hafnium and lutetium
(Southon I97l-), there are a total of 25 comparisons to be

analysed. The mean d.ifference 'adopt,ed - McMaster' is 4.6 lLlr
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and Èh-e standard. deviation of the mean is t 1.0 Urt. When the
stated errors on the doublet spacings are used to calculate
the self-consistency of the results, the expected. error on

the difference is also tr.O iru. Thus the McMaster work ,,'

appears to have had. the random (or statistical) errors
correctly assígned.

Now that there is a significant difference betv¡een the ' ."

adopted values (which are almost the same as the present work) .,,,i,
and the McMaster values, which ¡ i.f either, are rcorrectr?

Paper rrr provides an extensive comparison between mass

spectroscopic doublets and. nucrear reaction and decay e-values.
ê. set of 30 preci-se atomic mass det.erminations and about 150 

:

Q-values are combined. in a least squares adjustment of the
atomic masses in the region sg<z<6g. Reference to Table vrïï 

:

of Paper rrr shows thatr oïr the average, the mass spectroscopic
values change by -0.5 t 0.4 uu. of the 39 doublets, ,7 are 

:.:::.,Mclvlaster values alone. rf they are excluded, the average 
,,;.,_,.

difference between the adjusted values and the mass spectroscopic l,i, 
,

values is +0.04 t 0.31. Again, the mass spectroscopic input to 
:''r'ri:

the adjustment is largely determined by the work here at Manitoba.
Thus we conclude Èhat the ner^¡ lm. instrument at the 

::..:,::::
university of Manitoba has no significant systematic error for ".',.

d.oublets of 2000 to 10,000 uu. Also, it would appear that
there was a small systematic error in the work reported by
wlrineray et â1 (1970) and. I4acdougalt et ar (Lg7o) at llcMaster.
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Again, for doubrets of 3000 101000 ilü¡ their answers

appear on the averagie to be 4.6 t 1.0 uu too smarl. since
this is about the same size as their random errors, it would

be very difficurt to detect, especially in the absence of a

detailed comparison with other accurate data

For completeness, Fig. s-z b presents the comparison

between our 'adopted values' and other work, mainly the Lg64

Mass Table. Note that the scale has been changed by a factor
of 10, and that the error bars are much larger, (from 20 uu

to 160uu) - The points corresponding to the 1964 Mass Table

appear to be rand.omly high and low. As noted in paper fr,
the agreement with Demirkhanov :et a1 (1968) is not good ,

while the agreement with the more precise work at the
university of l4innesota (Benson and Johnson 1966) is very good.

on the basis of these comparisons, the present doublets
in neodymiumr gadolinium and erbiurn are in agreement with
other precise nuclear reaction and decay e-values, and the
doublets in thulium and ytterbium are self consistent.
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Barber, R.C. r.Bishop, R.L., Meredith, J.O., Southon, F.C.G.,Williams, p., Duckworth, H.E. and van Rookhuyzen,p. (1971) to be pubtished..

Benson, J.L. and Johnson, W.H. Jr. (1966) Phys.Rev . I4l- | 1tt2



5-7

Birge , R. ,I . (19 32 ) Phys . Rev . 40 , 207

Bishop, R.L. (1969) Ph.D. Thesis, University of Manitoba 
,.:

Demirkhanov, R.4., Dorokhov, V,V. and Dzkuyâr M.ï. (1968)
Proc. 3rd. Int. Conf. Atom-ic Masses (R.C. Barber,

innipeg , S6 
,.

Duckworth, H.8., Barber, R.C., van Rookhuyzen , P., Macdougall,
J.D.,McLatchie,w.'Whineray,S..,Bishop,R.L.,
Meredith, J.O., Wi11iams, P., Southon, F.C.G., :

lüong, W., Hogg, B.G. and Kettner, iq.E. (1969)
ys.Rev. Lett. 23, 592

Macdougall, J.D., Mclatchie, W., .Whineray, S. and Duckworth,
H.E. (f970) Nucl.Phys.A.145r 223

Meredith, J.O. , Barber, R.C . and DucÞ,worth, H. E. (I97I) to
be published

Southon, F.C.G. (L97L) pfr.o. Thesis, University of Manitoba

Whineray, S., l.{acdougall, J.D., Mclatchie, Vl. and Duckworth,
H.E. (1970) Nucl.Phys.4151,377 ,.



C
od

e 
D

ou
bl

et

A
 

14
81

¡¿
35

c1
-1

46
n¿

37
ct

 6
72

0.
3r

1.
 9

 
67

22
.r

!2
.7

B
 

L4
6N

d3
5c

r-
14

4N
d3

7c
r 

s'
gl

7 
.2

tr
.7

 
59

81
;'3

10
. 
9*

 
59

66
!4

 f

c 
l4

8N
d3

sc
 ,r

l'n
4o

la
37

ct
, 

L2
70

0.
7t

l.8
 L

27
00

.4
11

. 
I 

L2
6g

ot
g 

f

T
A

B
LE

 5
-T

N
E

W
 A

T
O

M
IC

 M
A

S
S

 D
ÏF

F
E

R
E

N
C

E
S

 
in

 M
T

C
R

O
 U

N
ÏT

S

A
M

 (
T

hi
s 

W
or

l<
) 

^M

('l I

cõ
m

pu
E

er
-¡

tff
i

D E ñ G H ï J K L M N

15
4s

m
_1

54
G

d
15

56
¿

3 
5C

t-
15

3n
u3

 7
g1

16
7 

sy
35

g1
-1

65
H

o3
 7

C
t

16
 9

rm
3 

5s
1-

16
 7

sr
37

 ç
7

1 
6 

91
'n

3 
5s

1 
r-

 1 
6 

5H
o 

3 
7C

12

17
1y

53
5s

1-
16

9T
*3

7s
1

I7
3v

n3
5r

'r 
-1

7l
w

x3
7a

r
1-

a 
¡v

i-.
vÁ

 
r 

//+
v 

1È
/¿

¿
 /

 J
V

lrJ
f,f

al
 

-I
bY

.n
-J

 
/n

1
"-

2 
r¡

rL
 

u-
2

19
 g

ca
l !

cr
_1

s 
B

ea
3 

7c
r

16
¿

F
.r

r 
3e

l _
16

06
¿

37
91

L6
 2

;;3
si

 i,
 _ 

r 
sã

äa
 ¡

Y
Ë

 r
 z

V
is

ua
l 

l,i
lu

ll
M

cM
as

te
r

67
2L

!4
 f.

13
37

.9
r3

.8
43

44
.3

!2
.4

tii
i: 

3i
i: 

å
97

90
.6

t0
.6

50
61

 .2
tL

.7
48

35
.0

!2
.L

98
96

.4
!I.

2

59
00

 !
7

46
7 

3 
. 
4!

t.9
10

57
 4

.9
!2

.5

A
M

e¿
op

te
A

67
22

.2
!L

.7
+

59
79

.5
r2

.0
+

O
th

er

67
33

r 
4

68
20

tz
t

67
23

t 
5

67
23

! 
3

59
97

! 
4

60
30

!2
2

59
66

! 
2

59
70

r 
5

59
76

! 
3

L2
73

0!
 6

L2
85

0f
21

12
69

9!
 4

L2
69

3t
 7

13
53

r1
8

43
92

!2
0

45
89

r3
5

51
35

12
6

97
 2

4!
44

51
35

r 
78

45
85

18
6

97
r5

!7
 B

58
87

r 
I

4s
75

11
00

]-
04

62
!L

36

L2
7o

I.4
tt.

7+

46
66

t3
51

0 
7t

 3

5 
05

51
 3

48
27

 !4

13
37

.9
r3

.8
43

44
 .3

!2
.4

46
78

.8
r1

.6
51

11
 .7

lI.
4

97
60

.6
r0

.6

50
60

.4
r1

. 
5

48
35

.8
t1

. 
9

98
96

.4
11

.1

59
00

.1
r2

.3
46

73
.8

rI
.7

L0
57

 4
.1

t2
. 
I

a b d e q c d e ct b c d

g g

58
99

13
 fg g

a a a a a ,â a a a a a



C
od

e
D

ou
bl

et

16
4s

¡3
 5

g1
-1

62
s 

r3
7C

t
16

6¡
¡3

59
1-

16
4¡

r3
7C

L
16

8¡
¡3

5C
t-

16
6s

¡3
7C

t
17

 0
B

¡3
 5

91
-1

6 
B

E
r3

 7
C

1

16
 8

y6
 3

 5
ç1

 "-
L6

  o
v3

 7
C

1 
"

J7
0y

63
5ç

12
L6

8y
63

7s
1 

'
L7

 2
yb

35
ç1

_1
7 

0Y
b3

 7
C

i
17

 4
yy

,3
 5

C
t-

 1
7 

2y
63

7 
¿

1
17

 6
vr

'3
 5

e 
I 
- 

77
 4

17
p,

37
 o

t
_r

76
+

;3
sã

i 
_t

t2
ix

zY
i,.

,
17

 5
;;3

 s
ði

2.
_1

7 
3i

;3
7ã

i 2

o r rì R T U V W Y

(J
l

I

^M
 (T

hi
s 

l¡f
or

k)
c@

is
ua

1

Le
as

t 
sq

ua
re

s 
A

dj
us

tm
en

t 
w

ith
ou

t 
th

e 
co

m
pu

te
r 

m
at

ch
es

P
re

vi
ou

sl
y 

m
ea

su
re

d 
by

 B
is

ho
p 

(1
96

9)

l-9
64

 M
as

s 
T

ab
le

 (
M

at
ta

uc
h 

et
 a

l 
19

65
)

D
em

irk
ha

no
v 

et
 a

l, 
19

68

S
um

 o
f 

tw
o 

do
ub

le
ts

, 
B

en
so

n 
an

d 
Jo

hn
so

n 
Lg

66

Le
as

t 
S

qu
ar

es
 A

dj
us

tm
en

t, 
B

en
so

n 
an

d 
Jo

hn
so

n 
19

66

M
ea

su
re

d 
do

ub
le

t, 
B

en
so

n 
an

d 
Jo

hn
so

n 
19

66

M
ac

do
ug

al
l 

et
 a

l 
lg

70

lV
hi

ne
ra

y 
et

 a
l 

19
7 

O

10
59

 6
. 3

t1
0.

 3
38

01
 .I

!7
 .

7
45

62
.0

!2
 .

2
54

 3
1 

.6
!2

 .
I

66
57

 .
7 

!2
.L

12
08

7 
.9

!3
 -

4
55

05
j5

r3
.2

33
72

.5
11

.3
40

39
.9

r1
.3

50
27

.6
lt.

4
6 

04
 5

 .4
lI.

7N
u1

1 
M

cM
as

te
r

A
M

45
66

 .I
!2

.4
54

28
.6

11
.1

66
54

.8
r0

.9

50
26

!3
60

40
r3

A
M

A
do

Þ
E

ed

33
7 

2
40

39
50

27
60

44
g g

54
20

!4
66

52
!3

55
03

14

5r
1.

 3
9t

l.3
3r

1.
3

1r
2.

3

10
59

 6
3 

80
1

45
63

54
29

66
5s

12
08

4
55

04

O
th

er

I g

34
97

 !8
6

39
7 

0t
47

50
26

!2
5

61
27

 !
7 

5

10
8 

60
r1

60
38

12
r1

60
42

84
t8

6
s3

37
 t7

 5
68

82
!7

 5
12

22
0t

99
55

31
19

2

r1
0

L!
7 

.7
9!

2.
0

5r
1.

5
1r

1.
 I

8r
1.

9
51

2,
5

in
c.

lu
de

d

a a a a a a a a a q.

ìi'
],

,.;
"



fi 1' ^J:

.4"1.'*i: l::g;.rr', iE

l,,,l"f , .:: 
. .r I .r"., _¡**,:, ¡ *

4z "i^+ å' " 'l 'r ' "L -.J !l;. -i(:ì:

., . 1, t.i- a. ; , i.ï.i ." i, ::!':i:, ¿:.-i.,: jarr " i". i'1::-' 
" 

i':'r'\+ '\':"¿ !r+ k'ti .J ú J

. tJi:;$;'ì (.0',iJ.'*-f ,::stf--n tii"i:\-t-&. $: .rÌ.',i *r*,:9:J'*"å';; i:,xx

, i : .-::" :.r'"ti"JiÌ-l-çf

". -L 3r.í;: "i, c: si;: i : ¡::?i :'.

'.'..'''.
,,'..-í"'. {¡.:i ..".. -.:i..."..,,.-..i í.-..,::.r j :l¡l::. ,.,..ti';'t:'. :i...i. -....,...'...' ..i;-..:..':i **;.1_' .-,.,.",','" L ': r".l::: -:

i ,i i ;:'?:7
,¡jJ';i'ur' ,::,ìí;,,;ril.,, .i::":'i:r,"al.: ...:")f.:.:: á,.,.i.1:,:..r , ...i-'. jj,.;' ' " :.,ij.t' , .'.-,'. .,,ti'\'

1; 
-- 

',ì 
-'

*('i i. -,-i..,;'r. lrr. - ï;ijÍ;rr¿ïr,"ijfj:åi. 3"rì'f,:iij,I:,,Í"Ì. ii:Ji:,:i"i3,ig.¡T.l'.i# :! j::Þf;;å

,..-:'ií:,I, 1,. i. :ì";-t:.:{.r,j I, rt].ä"" i¡l¡,¡.1¡' :;:jJ,i}4Ð



FIGUT:Ii 5 - Ia*b
5O "/o

ErCl,

I A"h

5 "/"

,.o "/o

O'5 "/"

O'to/o

'O5o/o

t-_r- t_ ilL
234 236 237 238 239 240

50"h Moss Number

Ybct2
169 |

ïm ->l Itoo/o | '7',Lu
I

5o/o I

l
I

I

I

It-o"/" | ; I

o.5"/o I I

ll
I

I

I

O't "/o | ,

r.os"/o ll' tl ll
lli

I
I

240 24t 242 243 244 24ö 246



5-LL

Flgrre 5-3a

tompnrissn cf Resutrts, $4anltoba & Hsï'[aster

fhe o¡len cLrelee wlåh daehed errore bars rêpressat the

ad,opted values of T*trlo 5*I mi-¡*¡*¡; the raw Füanl"toba

resulte. Shø esLld dotE ¡*ltlr soll.ð ertror bare sre

åclo¡lted-HcþIaster.

Ff"gure S*â!r

eonrgaarlsc¡n qlf, Results wftli ûther Ðata

Seùø that t.he s<rale hae ehanged hy a factor of l"t"

See Pahl.e 5*I fon the m,et{¡nl data arr* refstræ$ees.



FIGUiìdl 5 - Saob

r
I

I

I
I
I

t
ï

1-

L oort.- MuM.

r
? a¿pt.- Mon,
.L

¡

I

I

I

I

I

I

ir
t-
I

¡8,
IT
r*

Adpt - 64MT

Adpt, - Mínn.

Adpt - Demirk.

A.BCDEF TUVWX

to

ã

=-\
(l,

S-
(Ð

q,

=o

-to

-loo

=ì.
a,
ct^
cU
qt
,-
qt

ho



C}IAPTER 6

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

The precise atomic mass differences reported in
the previous chapter are combined with existing
nuclear reaction and decay e-values and atomic

mass data in a least square$ adjustment of the

atomic masses. For nuclides in the region

58t_Z!2 the quantities S2n, Srr, pn, 
"rn, 

Sp,

P.,, O (ß:) and Q (s) are calcutated rvhere possible.t/

Introduction

rn L964 (Barber et al, r9G4'I Duckworth et al, 1964)

a series of precise atomic mass differences invorving
nuclides in the region Ntu90 were reported. by the research
group at McMaster university. These data provided an

accurate picture of the mass effect assocíated with the

onset of nuclear deformation. This work has been extended

(Duckworth et al, 1969) to provide a pícture of the variation
of the mass surface between the g2 and L26 neutron shells.

using the second-order double-focusing mass spectro-
meter (see Paper r, Barber et al, r971a), we have continued.

a prograrune of determining precise atomic mass difference

6-1
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in the rare-earth region. The results for 59<8169 have

been reported in Paper fI (Barber êt a1, 1971b) and have

been combined with existing nuclear reaction and decay

Q-values in Paper III (Meredith et ã1, I97L).

In a similar manner, the results of Chapter 5, i.e.
68<Z<7I, plus doublets for Z = 72 (Southon, L97L) are

combined here with a large, but incomplete, body of e-vaIues.
This aIlows a comparison and evaluation of the data which

derive from different types of experiments, arlows the

calculation of unknown e-values and results in rbest,

values for both measured and calculated e-values.
Since many atomic mass differences are overdetermined,

we have followed the lead of Mattauch (1960) and his co-

workers, and carried out a least squares ad.justment of the

atomic masses for the region Gg<Z<72.

Details of the Calculation

MetþOd - The ,general method of least squares has been

extensively described, starting with Gauss, and used recently
by Taylor gt al (1970) for evaluatj_on of the fundamental

constants. The method is also presented in Appendix A,

using matrix notation for the final result, and there it
is in a form f or convenient sorution by a digit.ar computer.

Herer wê will simply note that any mass difference, or o-

value can be expressed as the difference of two masses M.
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M.. Thus the experimental values may be regarded as aJ_

of N linear combinations of the atomic masses.
n

ilr- ^titj = Yl r = L'2' " 'I¡ and j - r,2, "'n'

and the coefficients Ar. are in general o or t 1. Each

experimental yr has an associated error Õ1, and to each
)observational equation abover 1v,/€ assign a weight üJf = I/ úl

We also define a residual, rT = I Or.*.* - O, of an. *
' j=trl)

observational equations, and minimíze the sum of the squares
of the residuals, multiplied by the appropriate weì-ght, i.e.
the solution is that for which X2 =_l- ^rrr2 is a minimum.

I=1

Presentation of Tnput - rn the present work, there are
approximately 60 masses in the region 6g<z<72, with a total
of 20 mass spectroscopic differences, 36 ß-decays, 33 induced
reactions, and 3 alpha decays linking the 60 nuclid.es.

Figure 6-T shorvs the nuclides in the region, the links
betv¡een them, and the rabel for each mass difference. The

mass spectroscopic links are indicated by 10wer case letters,
ß-decay Q-values by bf , b2, etc., c-d.ecay e-values by al , d2,
13 and neutron separation energies by ,l-, ,2, etc.

The adopted var-ues of mass spectroscopic differences
are shown in Table 6-r. This differs from Table 5-r in
Lhat the lower z mass differences are not present, and four
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doublets in Hfcr have been included from south-on (1971).

The anLicipated rink rl' is not yet available. Also, the
simple closed loops have not been adjusted. as they were in
the previous chapter, since all the input to the adjustment
of the atomic masses must be linearly independent.

Table 6-rr shorvs the adopted constants needed to
reduce the data in Table 6-r and in subsequent tables to the
required form for the adjustment.

The adopted. values of the mass spectroscopic mass

differences are given in Table 6-rrr in terms of an energy
in kev and the neutron rest mass, n. Arso given are the
output values, the residual, T r, and the quantity {rr/ør)2,
i.e. the contribution of each value to X2.

Nuclear reaction e-values which lead to the d.eter-
mination of the neutron separation energy are compiled in
Tabre 6-ïv. where there is more than one measurement of
the same mass difference, a weighted mean is calculated and

given as therinput': The error is the larger of oi.rt or
oext as defined by Birge (1932). Again, the residuals,
and contribution to X2 are shorvn for comparison.

Table 6-V presents ß , ß+ and ê tc ¡ e-va]ues in a

smiliar manner, and cr-decay e-values are given in Tabl_e 6-vï.
This adjustment (Fig. 6-1) overlaps the previous

one of Paper IIf. See Fig. 6^2 for comparison. All of
erbium is includedr âs are the few precise data in hol_mium.
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Ttrus, the mass of all erbium isotopes will be re-evaluated,
(and not change significantly), and the re-evaluation of the

mass of thulium isotopes will reflect the precise mass

d.ifferences in both erbium and ytterbium. In addition,
the mass of L72Er can now be calcuLated. At the other

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

calculate the mass of I82"t.

The absolut.e masses used. are L62Er as calculated in
Paper ïïï, and 168Yb, calculated from the mass spectroscopic

doublet of Chapter 5, and the mass of t64oy from paper III.
These two masses are given as mass excesses in Table 6-VII.

Discussion of Input - The closed }oops formed by the

mass spectroscopic differences in Tabre 6-Trr have already

been shown to be consistent in chapter 5. Reference to
Table 6-vrrr will ind.icate that they are also consistent

with all the other reaction and d.ecay e-values. The average

residual, Lhat is, the average amount by whích the differ-
ences were adjusted is -0.8i0.7 kev and the contribution to

)
X- is 16.1 for 20 values.

In the preliminary adjustment of the differences, the

reaction Q-values of Table 6-rv need.ed further examination.

First for r.r. the average, i.e. 6980 t65 kev had been used.¿o

rt was nov¡ possible Lo choose 7072.7t2.0 as the input value

and reject. 6890 .3!2.0 on the assumption that the ground
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state transition was not observed. Secondly, the value of
7770!50 to, trn vras eliminated on similar grounds. Even after
these modifications, the contribution to X2 *.r g0.2, very

large for 26 varues. rt was noted that nearly alr of this
came from the seven data with errors <1.0 kev due to the
presence of very precise (nry) reactions. These varues

lvere changing by 1.0 to 3.0 kev randomly, but since the input
errors \^/ere 0.3 to 0.7 kev,the (tl/o.,)2 r.r. 4 to 12 for each.

That is, in spite of their very high weight, these data were

changed considerably more than their quoted errors. A

similar but much smaller effect was commented on in paper Trr.
In this case, a consistency factor (Appendix A) of I.4
was applied to this set of seven input values. The increased

value of or is noted in Table 6-rv, and the new contribution
)to X- is 2L.2 as in Table 6-VIIT.

Of the 36 S-decay Q-values in Table 6-V, only 9 were in
the preliminary overdetermined set. Two of these, bg and

bZg changed by very large amounts (i.e. (rr/or)2 >25) , and

\^/ere judged inconsistent. They were not used as input to
the fínaI adjustment, but their output values are very similar
to those of the original ad.justment.

The o,-decay Q-values in Table 6-VI are presented for
completeness. only one enters the adjustment, and since brn

was not used as input, even a3 does not form part of the
overdetermined set. The mass of 175irt is determined solelv
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by the values of a, and rrr. This point wilr be discussed

more ful1y when the figures for separation and pairing
energies are examined

At this point it. is interesting to look at the caiibration
between nuclear reaction and decay e-values as determined by

measuring the energies of particles against to 21Opo cr,-particle
as mentioned in chapter 2, and by measuring y-ray energies.
A recent paper by stocker et al (1971) measured. the first

24
excited. state of Mg with inelastic deuteron scattering.
The result using the polonium caribration energy is con-

sistent with the y-ray energy to .5 keV or 0.04å

The position of the mass surface was set for this ad-
justment by using t.he previously calculated (paper rïï)
mass excess for L62*t" A1so, the mass difference 168vu37ct,
164 ?q-- -Dy--c1, was presented in the previous. chapter. rf this is
combined. with the previously adjusted mass excess for t,,oo

, (Paper r.Tr) and^ the necessary data in Table 6-rr, then the
mass excess of 168yb can also be used in this ad.justment.

Effects at each end of the adjustment have been minimized

by including precise links to holmium and tantarum, but these
do not appear in the output.

Results

The results of the least squares adjustment are pre-
sented in Tables 6-rx, 6-x, 6-xr and 6-xrr. The output of the ad-
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justment of Paper III is given in Tables 6-IX and 6-X, while the

similar quantitites for the present adjustment are given in
Tables 6-xï and 6-xII. Vlhere quantities are missing for erbium ,,

and thulium in the first two Tables, i.hey are given wherever

possible in the second two Tables" I{here quantities are not

calculable in the present adjustment, but were in the first t ,

._ 
t.

the second two Tables show the reference tat. Errors are to

two significant figures for 1.0 to 4.g and. 10 to 49, and to

one. figure for 5-9 and 50 to 90"

rn TabLes 6_rX and 6_xr r \^/ê give the nucleon separation and

pairing energies calculated from the folLowing definitions:

s2n(ã,N) = 2n - [l,i{ø'w) - M(u ' N-2)]

sr,(r,N) = n-[u(B,N)-M(z,N-l)]

for even 3 onIy.

s2p(ã'N) = 2MH -[ M(r'N) - U(r-2'N)]

tn (r,N) Mu -[ r'l(u,N) - M(U-I,N)]

nn (3,N) = (-1)s %{sn(z,N) -t[sp(ß+1,N) + Sp(3-1,N)] ]

for even N only.

pr, (z,N) = (-1)Nr¡{sn(z,N) -4 [srrtø,N+1) +sn(ã,N-r)] ] ;,,,,,;,,,;1:
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In Tables 6-X and 6-XII rve give the Q-values for ß--decays,
o,-decays and also the mass excesses in kev and. pu. From the
mass excesses any other mass differences may be calculated.
An upper limit for the error on the d.ifference is found by

a rms combination of the errors of the two masses. rf the
co-variance matrix were available, (see Appendix A), the
error would be smaller if the two masses were correLated.

s9gþ]":ggggr-9Î_åepeg3!.å9!_S¡e5gieg (s2n) - All of rhe
sr' values in Tables6-rx and. -xf are plotted. in Figs. 6-3a and

6-3b for even-N and odd-N respectively.
The featpres of the even-B, even-N curves (part of

Fig. 6-3a) for Ntu90 vüere published. earlier (Barber et aI, L964¡

Duckworth et al, 1964, Macdougalr et al, L966, and Macdougall

et al, L970) at. which time attent.ion r,'ras drawn to the major

discontinuity in slope at N=BB r the apparent charge dependence

of the effect, and the suggestion that the slopes for N>92

are similar to those for N<89. The regularity of these even-

even ".,rrr"= for 92<N<126 was subsequently commented. on

(Ducl<v¡orth et aI, 1969, hrhineray et ar, Lg7o, Mclatchie gt al,
1970).

Here the addition of the odd-B data in Fig" 6-3a emphasizes

the regularity for }tr<88 and N>92. Arso several .points have

been added, extending the curves for each element. on the
basis of these regularities, the broken lines in Figs. 6-3a

and 3b indicate the probabre locations of points witr, large
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errors. rhe values for lflca 
""a '22r, in Fis. 6-3a are

correlated in the manner required, and are largely det.er-

mined by the e-value for 146Gd(e.c.)146grr. The ß-decay

systematics suggest that this value might be 500 kev too

high; i.e. in agreement with our suggested values. In
Fig. 6-3b the points r"r llfrb and tå3ro are correlared in
the required manner for our suggested values, and if the

Q-va1ue for 152Tb (e+¡152"a were t9o targe by t300 keV (as

also indicated by B-decay systematics), the points would

fall as indicated. The sr' value for t33u" is not shown to
avoid confusion due to a large error (.vSOO keV).

As we have noted previously (Duckworth et â1 1969) and

Paper rrr, the energy of deformation for nuclides with N=90

is relatively small for neodymium, and increases in going to
samarium and gadolinium. Fig. 6-3a suggests that the point
at N=88 for dysprosium is higher than expected, and may

already have a ground state deformation. By N=92 arr the

elements seem to behave similarry, and segments of adjacent
curves betv¡een any two neutron numJrers are almost paral1e1.
rt is suggested that the ground state deformation starts
after N=88 and is complete by N=92 for z=60, and the effect
of the distortion at N=90 becomes stronger as z increases,
until 2=66, there is some distortion at N=BB.

A similar effect is noticed in Fig. 6-3br âs the line
segments N=87 to 89 become less steep with increasing &.
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By N=91 all nuclides have reached. approximatery the same

energy of defromaÈion"

Below N=88, the odd-B curves 1íe equidistant between

the even-3 curves (rig. 6-3a). After IJ=92, the odd-ã curves

are displaced uprvards r,120 kev relative to the even-ã curves.
Thus, nuclei with un-paired protons tend to have a higher
energy of deformation" The effect is almost gone by N=96,

and has disappeared by N=100 
"

Between N-r06 and 108 both the lutetium and hafnium

curves turn upwards slightly, but then from N=10g to rro,
the curve resumes its downward trend..

grngle Neutron sep (sn) - Figs.6-4a and. 4b

show the variation of s' as a function of neutron number for
even-N and. od.d-N respectivery. The general features have

been commented on before, but wè shall note here that for
even-litr (Fig.6-4a), the curves for odd.-z nuclides lie next
to the even-even curve z-L for N<gg, but that with the onset
of deformation the curves separate and are more or tess
equidistant for 92<N<98. That is, neutron-prot.on pairing is
important before deformation starts and again for N>100. rn
Fig.6-4b, berow N=88, the odd-B curves lie nexL to the even-z

curves z+L. This seems to hold through the onset of deformation
and perhaps further" The curve for holmium is the only one that
seems to separate from the curve above it (erbium, 7=68).
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odd-odd nuclides,

past the region

the neutron-proton

where deformation is
pairing

established.

Neutron Pairing Energies (p-.. ) The plots of P' vs. N

(fís" 6-5arb) are already well known, but there are some

differences from Bishop (1969)., Duckworth et al (1969),

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

feature is the sharp maximum near N=90 for even-N and N=g9

for odd-N. Re-evaluation of the input data (paper ïïï) has

resulted in the curve for gadolinium moving upwards to lie
close to thos.e for samaríum and dysprosíum, and the curve
for neodymium definitely lying lower for N=gg to 91. Except
for the behaviour of neodymium, the neutron pairing energy
has littIe dependence on z through the region of deformation.

After N=92, the curves, whire stilr decreasing, split
apart, and as & increases, become less steep. $Ihineray (1970)

points out that the curve for hafnium is armost frat, but here

owê see that it does not appear much different from those of
lower ã until N=106. This is due to the choíce ot ry rather
t,han b,.,., to determine the mass defect of tr"Hf . Sin<_ __-___ _ 

29 5v ev!¿rr¿¡¡ç þ!¿s ¡rroÞÞ L¿cleu L uI .Fll . u.].nce ,27

is very recent work (Arenius, L97L) , whineray had no reason
to suspect that b* miøht be in error

Proton Separation Energies (S2p, tn)
Figs. 6-6arb, 7a,b. The behaviour

- These are plott,ed in
of "t1 curves .j s quite
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regular, and indicates (i) no major errors or discrepancies
in the data, and (ii) regular behaviour of the proton states
while the neutron states are undergoing deformation. The

displacement in Figs. 6-7a and 7b of the odd-B curves towards
z-l for even-N and towards B+L for odd-N is more evidence
of neutron-proton paíring.

Proton Pairing Energy (pp) when pn was plotted as a function
of & (as was done for the proton separation energies), no

systematic behaviour was noticeable. (See for example,
Benson and Johnson 1966). Howeverr when pn is plotted
against N as in Fig.6-g, certain features became apparent.. fn
the region of sphericar nuclei, N<Bg, the proton pairing
energy is L.2 1.5 Mev. At N=Bg, there is a sharp clecrease
which appears the same for all elements. After the transition
regi-on, there is again a z dependence, and the average pairing
energy is much lower than that for spherical nuclei.
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Mass

Table 6-I

Spectroscopic Mass Differences

Code
I

Doublet AM ( uu)
This. trVork

AM ( uu)
ItfcMaster

Ref. AM(uu)' Adopted

a

b

tzs¡¡¡3sCl _177Hf37Cl

17s¡rr3sg1 -173yb37C1

c tzay53sC1 _r7lyb37C1

d l7lyb3sgl -16eTms7C1

e r7 3yy2 uClr- I 6 sTm3 7C12

f ' 16s1*3sg1 -167Er37Cl

g r 6 79¡3 sCI - l6 sHo3 sCl

h I 6 s1*t tclr- I 6 sHo3 7Cl2

i I 8o¡¡¡3sCl _17 lgf37Cl

j t, 8Hf 3 sCl -17 6 Hf 3 7Cl

k t e o¡1¡ 3 sCl- 
"-,,6Hf 

3 7C12

1 r76Hf3scl _tz+¡¡¡37CL

m tz6y53sCl -174yb37Cl

n, r74yb3sçl _rz2yb37C1

o I zoy53sC1 r_rr2yb37CI,

p rzzy63sCI -17lyb37CI

q tzoy53sc1 _r68y637cL

T r70Er3sCI -r68Er37CL

s 16 8Er 3 sCl _ r 6 6Er3 7c1

t 166Er3scl -1648r37CI

u ìr.uur3scl- -r62Er3zcl

* 55 43.5!0.7

5505.5!3.2

4835.0!2.I

5061.2lL.7
' 9896 . ulI.2

5111.911.0

4678.3r1.1

9790.610.6

x 5796. Br0. B

* 5237.811.1

*11033. 5 tl. B

6655.2lL.0

5429.2lr.2

L2087 .9!3. 4

4563.g ti. o

3801.1t1.7

60 45 . 4!L.7

5027 .6tL.4

4039.9r1.3

3372.5r1. 3

a 5543. 311.0

a 550 4.5!2.5

a 4835.2t3.3

a 5059.7lL.7

9896.8r1.2

b 5111.4!r.2

b 4676.814.0

9790.610.6

a 5796.8t0.8

a 5237.7lI.L

11033.511. B

6654.7 lI.2

5428.7 lI.7

12087 .9!3.4

4563 -9!2.0

3801.L!7.7

60 44 .I!2 .3

5027. 311.3

4039.9 r1. 3

3372. 5 t1. 3

5539 t3

550314

4827 t4

5055 13

510713

4666 !3

5797 !3

5236 !5

6652!3

5420 !4

60 40 t3

5026t3

b

b

rt

a)
Southon (]rg7Ð
Whineray et al- (1970)

b) et al.

6-19

Macdougall (1e70)



3 7C1- 3 sCl

lH

TABLE 6-II

Va1ues of Constants

Experimental

' alL.997 048 89 t59 u*'
' }a\

049 7 !60 ì.r"'

O4g 7IL t 63ud)

1.007 825 055 t 4ouc)

82s 220 t gOub)

825 190 + SOue)

825 O2g + Sod)

824 990 tt4Ouh)

825 005 t ¿gui)

Adopted

1.0078250 35t14u
t

4.0026031 t4ue)

1.008665 z t1uf)

2224.5 t 0.1 kevg)

6257 .4 t 0. t kevg)

^\ 1.99704972 r9u
050 59 !42 ìr"'

TH"

In

Mass to Energy Conversion

sn ( îH)

sn ( iH)

a) Dewdney and Bainbridge, 1965 f) Taylor et al, 1969

b) Benson and Johnson, 1966 g) Mattauch et al' 1965b

c) Stevens an¿ Moreland I 1,1TO h) Matsuda and Matsuo, 1968

d) smith , IIT: i) Katakuse et aI, L970

e) Mattauch et al, 1965a

0.931481 t5 h"vf)þu

6-20
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TABLE 6-VIIT

SUMMARY OF AD,JUSTED TNPUT DATA A)

Table Number Average ContribqLtion
No. Nature of Input of Data r, (keú) to X2

6-f II lt{ass Spectroscopic 20 -0.8 t 0.7 16 .I
Differences

6- M' Q-values

6- v o(ß)

6- VI Q(o)

6-VII Mass Excess

26
+o.e ; o.e ä:', 3ì

7 +0.4 t 2.0 6.6

0-
2 -6.0 !I2.0 3.5

a) Only data involved in the overdetermined

set are included.

b) Preliminary adjustment

c) Final adjustment, with errors on (nry)

measurement of <È 1.5 multiplied by a

consistency factor of L.4
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SUMMARY

The second-order double-focusing mass spectrometer has

been used to determine some twenty-six crose d.oubrets in the
rare-earth chlorides from B = €,2 to 70. These provide con-
nections between alr stabre odd-ã nuclides and betv¡een al_I

stable even-ß nuclídes accurate to a few k-ev. There are
many overdetermined loops, and the measurements are j-nLernally

consistent. There is generally agreement with other precise
mass spectroscopic data from McMaster university and the
University of Minnesota.

A new method of peak matching has been deveroped

making use of a L024 channel signal averag'er and the university
of l4anitoba ÏBM ZAO/A5 computer. The doublet determinations
reported here are as precise as by the previous visual null
method, and. are achieved in about one quarter of the time,
emproying only one operator rather than two. The matching
precision is q,7 x 10-9 sínce the typical error on each dou5let
\^/as not reducecl below 1 to 2 Uu

The new peak matchi-ng method. arso revealed that whi]e
the preci-sion achieved by a single match may be 1 uur that
changes in the spectrometer operations betlveen matches results
in a set of eight matches, i.e. one run having a spread of
1.5 to 4 uu, rather than the expected statistical error of
tu.3 uu. IJov¡ that such matching precision can be achieved

s-1



s-2

further work is necessary to better understand the behaviour

of the instrument.

The new doublet determinations have been combined with

previous work and with nuclear reaction and decay Q-values

in two overlapping least squares adjustments of the atomic

masses for 59<e<72. This reveals that there are no signifícant

systematic errors in the mass determinations made with the

ne\,\r spectrometer. Also, a more detailed and extended and

precise study of nucleon separation energies can be made.

Included are separation and pairing energies for even-N,

even-ã nuclidesr âs before, and in addition, even-N-odd z,

and all odd N nuclides as well. The resulting systematics

show in more detail the onset of nuclear deformation, and the

behaviour of neutron-neutron, proton-proton and neutron-

proton pairing energies for g4<.II<108.



APPENDTX A

Propagation of Errors and Statistics

(1) General

suppose we have a quantity of e defined as a function
of N varíables ri t oi, i = 1, 2, ... N where the variables
v' may or may not be inde¡rendent. Then, the variance of Q

2

ise,givenby

2N1e = ( r- ?e or), (t)i=l âv. r
l_

zIINNe _ x (ae 6r)" + x x åe_o.goi e)i=l a"i ¿ j=l i=l ãÇ . ãr1 ,

rf all the v, are índ.ependent, oi and oj are equally likely
to be positive

zeto. (see, .for instance, Taylor, parker and Langenberg

L969) .

(2) Weighled Average

rn this case, wê have a set of measurem.ents *i t o i,
all of the same quantity, and. we wish to compute a ,best

value'. ff v¡e assign a weight

üri = tlo? (3)

A-1
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A-2

to each experimental valuer wê define a weighted average as

N
I at. X¡t¿r=L (.¿\

Ã = À (¡),
L

II

the mean

Ls

l_n

possible to calcúlaLe two different errors for
this case (Birge 1932).

N
L/( T (s)

i=1

equivalent to saying that the weight. of the

( 5a)

"Lnt'

This is

1-)
o.i

I.

mean,

N
X t^li

i=1

"ext - q (6)

usualry, the larger of the two is used as the final error.
The Birge ratio is defined as R = oext/oint If R is
significantry greater than unity; one or more values of x1

may be noticeably inconsistent with the rest. rt may be

eliminated, a nev¡ F and orr.a and oext are calculated.

Centroíd of a peak (or Distribution)
This is a special case of an averagle.

/*-

/ ,'=, 
url (x' - x) '

(3)

Let. the height



A_3

of the distribution at. any point
ï

The summation convention E = X
Xn.- x, í=1

The centroid i" x = l:t
l-

For convenience, 1et

a=Xnrx.andb=Iri

Then K-f=a/b

xt be nrr

is used..

af
ãã
o,aþ

i - L,2r...r.

(7',)

'å= tffiort'
I= 6+ (or)'

+

,a2- Ë-r

cffi oor '
( o¡) ,-

o,

2Xn.x.
l- l_-Tn.
a

( 8a, b)

(e)

(1Ia)

(1lb)

+2
2a^
b-r '

OI

dÞa

No!v, the only assumption will be that we are dealing with
counting the ions arrivingr so that at any position x1, t.he

number of counts *i obey poisson statistics. That is, the
standard deviation of n, is E, and each n, is independent.
From equations tr,l ,rrrd using o. = q_, we derive

(o.) = Xx.2o,

(o¡) t = Xoi

Thus e3 =x
1F¡-z

lT\I¡ L¿nixi
(In;*., )'

- -¡5ft- .¡.t¿rri / a xxrorlo.] (r2)

Let lri = N, (13)
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e2'= I rç* z , xn,x'. ?r-x nr (xnrxr' + J+ 'i*i 2i}"i x*iri) (la¡
Lr

I
= -å (Inrx.2 ¡¡it) (t4a)

suppose we normalize the peak area and use a set of numbers
fi to describe the peak shape so n. = fi.N (1S¡

rf the peak shape is roughly Gaussian t or the distribution
can be approximated by the normal d.istribution, the normal
definition of the standard deviation of the mean gives:

ñ-, -: 
xni (xt .- i) 2

(1e )
-x --ññ-=-lr
Again, letting fi represent the shape of the normalized

peak ,

(16)

(Lt ¡

(10¡

This can be changed into another familiar form for
calculating.

oO=* (xr.x.2 -çrll

exactly the same as equation i-7.

(20¡
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(4) Least Squares Solution of Linear Equâtions

The experimental values for the mass differences,

whether derived from mass spectroscopy or from nuclear 
,

energy determinations, may be regarded as a set of N

measured values, Yï t oï, each of which is a linear combi-

nation of the n atomic masses, Mj . Vüe may express this for ,

,, -th 1)the I: measured value in the following way:*'
n ..:'.

I A_- M- - Y_ + .r (2I)
j=l --rj '-j -r - "r

where f = Ir2,...t N and j = I,2r...rn and the coefficients
A-. are, in general, either 0 or tl.

LJ

This set of N linear equations in the n unknown

atomic masses is overdetermined since lrl>n, and the method

of least sguares is therefore appropriate to the calculation
of best values for the masses (l'4attauch, 1960, Bearden and

Thompson 1957, Taylor et aI, f970).

To each of the observational equations (21) a weight .'.,,

0r = .1 (22) :'q,
is assigned. Also we define a residual, xT, for each of

the
n:r

rT = I A-_ M- Y- (23) ,,t j*t rl I r- r'

*
where the M- are the desired ad.justed masses. The desiredl
least squares solution of the N linear equations (21) for

I)"o*ur case subscripts go from 1 to n, and capita.l subscripts

go from 1 to N.
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the n unknown masses is that which minimizes the sum of

the weighted squares of the residuals: i.e.,
.N^..:.

x¿ = r t¡ ,t-rt (24) :.ri,'I=l
is a minimum.

Differentiation of this sum with respect to each 
:::

of the n variables M** Ieads to the "normal equations": 1.,'
l'

ð N 
^ /^r\ t.'''"'ffi;= (_r. 0rrr¿) = o (2s)

J I=l

where j - I,2...,n. These n equations may then be solved.

uniquely for the n values M**.
J

Each of these n equations (25) may be combined with
(22¡ to yield the result

X r¡.A,-.Y. = I o.A_. X

I=j I rl J I=l I fl k=l
orkMk*

N

nN
=tF u¿)

k=l I=1

foreachj=L,2,...rn.

GM=D

'rAriArkMk*

(26)

(27 )

(28)

(2e)

Equation (26) may be written in matrix form by

defining
N

g = {njo} where 9jk = 
,lrrrAr3Art

N

3 = {uj } where uj = 
,lrrrArjYj

M = {Mk*}

so that

(30)
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Here we note that G is a square nxn, symmeLric matrix.
Thus the desired solution is

where

-1M=G-D

-1G * = iv..]ærl

(31)

(32)

is the inverse of 'G.

The error associated with a particular adjusted mass,

M_, * , is taken to be
J

tj = /"-.

The elements v- - involve only thei-l
and the weights oI. In each case the .j

o i't defined by Birge (1932).

For a certain mass difference (e-value) M.*-M.* the
l_ -ì

error is
è.rtJ

(Taylor et aI 1970) as

/x2
f-

The generalized Birge ratio which is defined

(3s )

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

value,

1!/-T
Tî

(36 )

rf the Birge ratio is significantly larger than its expected

value, the ínput data must be examined for inconsistencies.

(33)

coefficients Ar.

corresponds to the

(34 )
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The generalized Birge ratio (equation 35) is sometimes

known as the 'consistency factor' (c.F.). That is, if all
input errors or were rnultiplied by the c.F., and the adjustment

\^zere re-calcuIated, all the adjusted values would. remain un-

changed., the new e" would be Lhe same as the old ones, no\^l

multiplied by c.F. and the new Birge ratio would be unity.
However, this method increases the errors on all the input
data, even if most of them are consistent.

sometimes, a group of data may be identified as causing
a large contribution Lo x2, and the consistency of this group

may be evaluated. rt may occur that the errors quoted on this
sub set of measurements are slightry too small for overall
consistency, and that multiplying the input errors of this
group only by an appropriate consistency factor wirl result
in the new adjustment having a gleneralized Birge ratio near

unity.

ïn other cases, a single datum or a few isotated data
may be identiiied as grossly inconsistent. These data may

then be evaluated. since there is no \,vay of determining a
consistency factor for an isolated value, it is difficult to
arbitrarily increase the error, and so the value may be

eliminated. from the adjustment.
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Solution by Computer

If the equations 26 through 30 are examined, it
may be seen that G j {g,,-} may be written

J^-
' c - trZod.l ¡/oA) (31) :-i-i:.::l

and that D = {dj } may be written
þ = tt/o¡{ ) Q/oy) (32)

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

of equations, and with rveights (I/o,T)2 then the final ;:.:::,ì

,'equations to be solved. are

(r/o)Sr (r,/o)g U = e/o)Ë e/o)y (33)

and the matrix Ç = (I/o){ Oto)S is toi" inverred

S = c-lo as before

This premultiplication by (L/o)aT ( I/o) on both sides of the

non-square matrix equati-on is rî ".=O computer operation. ,

rF(I/o\e- (f,/o)a is a square nxn matrix, and (I/o) multiplied
in twice supplies appropriate weights.

An interesting comment is supplied by Cohen (Lg7I) , who , ., ,

derives the same matrix equation without even talking about , .,,,:

'least-squares' and 'guadratic forms', and minimizing anything. '' ''"

starting with the idea that the best estimates is the mean,

and generalizing to a weighted mean and then to a multi-
r. ,r..:.:.ì..

variable linear system, he derives the desired result by ',,"':,,

demanding the invariance of the solution either to the basis

vectors of the variable space or to the form in which the

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

The method outrined above could easily be applied to
the f itting of a straight line ,,,,,,

ao * al*I = yï, I = Ir2,...N.
Here N is the number of pairs of points and the unknown

quantities to be solved for are ao and ar. If N>2 the pro-
blem is overdetermined, and we want a least squares solution

'.. . :_

The matrix method of sec 4 is cumbersome, so \^re look for other
methods. There are many versions of the stand.ard. formula

available, most of them assumi:ng no errors in either *r or yï
However, implicit in the formulation is that *ï aïe correct,
and a1r the variation is due to yï. This is discussed by

York (1966) ' and methods are reviewed for explicitly ,

handling errors in either xr or 'n yï. He also suggests a

way to include errors in both x, and yr.
A much better solution is provided by williamson (1969).

,..,., 
, r,,,The major diff iculV is that when there are errors in both ': ','

coordinates, the expression for the weight of each point (w-), ..'.-,i:

the quantity a, appears.

wr(xr,yr) = Ue/oyz + u"2/o*2)
.:: :., - '.'.The way out is to use an iterative technique. rf we first use ,...,-,.

tl = 0r and solve the normal equations, the solutíon corresponds

to that for no error in xr. Then, using this first approxi-
mation for âr, the equations are solved again. The processJ-

is repeated as often as required.
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The computer programme developed here differs from
williamson (1968) in three \days: (i) tne initial guess for
the slope is always zero, (ii) there is a buil_t in limit to l

the number of iterations, and (iii) the iteration ceases

when the change in a, from one stage to the next is signi-
ficantly smaller than the error in a, ,,;.
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TAÏLS ON PEAKS

(1) possible Causes

ïf a beam of ions passes through a smooth, parallel
object slit and the subsequent focused image is mod.ulated
linearly across a colrector slit of the same width as the
image, the resulting peak shape is tri_angurar. Tairs may be
caused by (i) image aberrations, (j-i) gas scattering (elastic
or inelastic), or (iii) srit i-rregulariti-es. since our mass
spectrometer is second-order double focusing, with very smar_r-

measured coefficj-ents (Barber et aI, ¿|TI ) factor (i) v¿ill be
neglected although the aberrations probably contribute sl-iqhtrv
to the tail-s.

rn considering gas scattering by residual morecules
along the ion pathr w€ wilr consider elasti-c only scattering,
since i-nel-astic events will likely not be brought to focus
near the peak. The case for atoms of mass tu200 scattered
elastically in air at tu30 kev energy has been studied by
Itlenat (L964 ) in an isotope separator. rn our case, the
scattering angle is very smalr since the cor_rector srit is
c'2lJ wide, and most scattering takes prace I to 3 m away, i.e.'-Â
0 ¡'10 " radians; Thus we are well berow the classiciar r_imit of

B_1
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e^ * \/2tr a *r/g c,ro-2vo
for a símple Rutherford scattering by a coulomb potential
(Everhart et al 1955). Thus l^,,e must use the suantum

mechanical Born approximatíon.

Schiff (L949) presents the Born approximation for
scattering by a screened Coulomb potential rvhen the equations
are integrated to find the fraction of the total beam

scattered one peak width to the side, the answer is about 10-6,
and constant over the region \^/e are considering. The magni-
tude of this result may be wrong by a factor of 110 since it
is based on differential scatteringi cross-sections and

effective screening lengths measured at much larger angles
of r10 " radians. classical solutìons lead to very rarge
cross sections at small angles, increasing to infinity as

0 goes to zero. Thus Lhe result of Reud.enauer (1970) is
entirely fortuitus when applied to our instrument. Fiis

curves are not valid below LM/M, 10-3, but extrapolation to ,

f

AM/M n 10 " produces a scattered fraction of 22. This is
aboutthesizeofthetai1sones1itwidthawayfromthe

centre of the peak, but the quantum mechanical approach re-
quired here leads to too smal-l a cross section for gas scatter-

-o _ _7ing at 10 " to l0-'Torr. to be consid.ered as the major cause '.

of the tails.
The most rikely cause of tails is irregurarity in

the slit jaws, especially the principar slit which is sub-
jected to ion currents of .u1-10 ua.
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If there are irregularities (mainly widenings due

to wear) of the order of .Iil, the peak width would be

broadened by 22 aL a resolving power of 100r000. If these

irregularities amount to a few percent of the total usable

height. of the slit ('u20f in l mm height) then the height of
the .peak at the nomÍnal edge will be increased by a few

percent.

Previous tool steel slits could be ground very sniooth

and gave excellent resolution for a few days, but deteriorated
over a few weeks to the point where they had to be replaced.

The current tantalum sliLs clo not achieve as high an initiãl
sharpness, but maintain reasonable performance (i.e. tairs
of a few percent at one peak width from the centre) for several

months

(2) Effects on Peak Separation

The overlap of tails has the effect of reducinq the
apparent peak separation. This is true for visual matching,

the visual nuIl method t at computer matching. Holvever, it is
likely that the operator compensates to some extent in the

first two methods. The computer cannot do this, and a specific
method must be used to eliminate the effects of the tai1s.
we have followed the general lead of stevens and lt,loreland

(1968) and have used only the part of the peak lying l5u or
more of the peak height above the base 1ine.
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The effect on the separation of tr^ro peaks as they
are moved together is shov¡n in Fig. B-1. A singlet was

recorded at a typical operating resolution (,¡I/IO0,000). The
computer then construct.ed a well resorved doublet by dupli_
cating the peak a known distance a\,üay. Then the regurar
programme proceeded and the separation rvas carculated. The
difference between the nominal separation and the calculated
separation is plotted vs. the separation of the peaks for
cut of f levels of 32 , 6Z , 9so and 15U.

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

The effect on the doubletsreported in chapter 4 are
shown in Fig.B-2. The change of the doublet spacing
from its known value is plotted vs. various cut-off revers.
Notice the effects of the different intensity rati_os.
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