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Circuit Design

(1) Switches

Switches A through J (Figure 13) are type 9610
“Dual Contact” switches produced by Guildline Instruments
Ltd. The wiper of each switch is ih the form of a narrow
"X" with either side composed of eight individually sprung
leaves. The force within these leaves holds one end of
wiper against dual contacts at the center pole and the other
end against similar conﬁaéts at the various switch positions.
Thls deslgn ensures a highly reproducible contact resistance.
The ends of the leaves make a small angle with respect to
~the direction of wipe to provide a self cleaning feature.,
All switch conductors are copper and are of substantial
design. Thermal emf's generated in fhe switeh are & 0.01/MV
and, with clean contacts, variations in contact resistance
are £ 0.1 m(l.

The switch contacts are mounted on a’sheet
(B" x 4" x 1/2") of insulator. A 500 V battery and
eléctrometer was used to examine the quality of the
’1nsu1ator supplied with the switches. The resistance
bétween pairs of contacts was found to véry from about
0.7 X»lOlzfl to 5 x 10120 . since the potentiometer circuit
contains resistances of the order of 10%ﬂ.to lOéﬂ.and as
the errors due to circuit design are to be £ 1 part in 108,
| insulation resistances of the order of 10120 are too low.
All switches with the exception of B and H were

rebuilt using "delrin", a waxy opaque white plastic, in
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place of the dark brown insulator which was originally sup-
plied. The new insulation resistances are about 4 % 1014!L.
Resistances of the order of 10120 are quite adequate for
switch B which is attached to the V batteries. Switch H
was in an earlier shipment from Guildline and although not
mounted on delrin, its insulation is nearly as good.

The resistances of common insulators such as
those used on wires and for circuit boards varies from
about 1090 to 10110, Resistances of the order of 10120 and
higher are quite sensitive to humidity and surface films,
In the case of delrin, resistances of the order of 1050
can be achieved if the final cleaning of the surfaces is
done with distilled water (breathe on the surface) fol-
lowed by rubbing with a cleanvcloth. The measurement of
such resistances requires some obvious precautions in the
arrangement of the battery-electrometer circuit. In ad-
dition the indicated resistance often increases with a
time constant of several minutes due to dielectric ab-

sorption or polarization.

(11) Wiring

Most of the leads appearing in Figure 13 are
gauge #14 annealed bare copper wire which has a resistance
of 1 m/12 cm. The leads from the VDR to switch H, and
from the center positions of this switch to switches E and
G are gauge #6, 7 strand, annealed bare copper wire which
has a resistance of 1 mQ/77 cm, Nearly all leads are sup-

ported in air by their own rigidity and that of the con-
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nections at their ends. The-gajority of connections are

secured with Kester low thermél emf solder (30% Sn, 70%

Cd) using #1544 resin flux. All measurements of resis-

tance in the milliohm range were made using a four terminal
ammeter-voltmeter technique. The nullmeter mentioned earlier was
used to measure the voltage drops.

A view of a portion of the circuit of Figure 13
appears in Figure 22. The 100 V supply is at the lower
left, the DMR box is in the center rear, and the 25R chain
appears at the top and slightly right of center.

'The resistances of several leads in Figure 13
are not critical. These include the leads from the 100 V
supply, the leads in the V circuit including those attached
to switches A; B and C; and a few others,

The leads attached to the DMR are adjusted in
length so that they contribute neéligible error when the
DMR resistors are measured. When switches I and J are set
to examine the various DMR reslstors, the lead resistances
between the;poles of I and J are equal to within i0.15 mQ.
The resistance between the oil immersed resistors is
>5 x 10120 which is adequate.

When the DMR resistors are measured by using the
VDR to compare them with Rjg, the resistance of the leads
in the Rjp branch acts simply as part‘ of Ryp. Similarly,
the leads in the branch containing a DMR resistor cen be
considered as part of this resistor. Since only relative
values are important, these leads have no effect.on the

results provided they are nearly the same from resistor
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FIGURE 22

Part of the AV/V Potentiometer Circuit
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to resistor (*0.15 mflas above). The few milliohms between
the VDR terminals and the junctions where the exciting
voltage is applied effectively compreés the VDR steps by a
few parts in 108; however, since R1p and the DMR resistors
are nearly equal, the effect on the VDR sesttings is several
orders of mégnitude smaller again and thus is completely
insignificant.

The comparison of the VDR against the DMR ratios
1s also unaffected by lead fesistances, The resistances of
each of the four leads from the "0 VOLTS" and the "- 4 VOLTS"
Junctions to the DMR and VDR terminals equals 3.5 T 0,3 mao,
The two 3.5 mfl leads in the VDR branch apparently introduce
an error approaching 0.3 step in the seventh dial at either
end of the VDR; however, since the load presented by the
DMR with N = 12, 11, 10, 9 or 7 is equal to that presented
by the VDR to Withih about +30%, the currents in the two
branches are equal to the same sort of precision and the
voltage drops over the four leads are roughly the same.
Hence lead induced errors in the VDR settings are 5 0.1 stép
in the seventh dial.

The resistors in the 25R chain are individually
enclosed in oil filled metal cylinders and have a resistor
to case resistance of the order of 1012n to 1013a, For this
reason these resistors are suspended in alr by their leads
(Figure 22)., The lead resistances from the "CHAIN R's”
inputs to the resistoxé'ﬁl to Rg and the VDR vary £ 1 mQ

and hence contribute errors <1 part in 108, 1In several
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cases some of the leads near switch F act simply as part

of the resistor chain. The resistance of the leads from
the bottom of the VDR to the top of the 25R chain is ~ 1.5 m

which introduces an error ~1 part in 108,

Precision Achieved

The limit of about 1 part in 107 on the precision
of all electrical meaéurements connected with the determina-
tion of AV/V is due meinly to random fluctuations of about
0.05 PV in the nullmeter., This size of fluctuation 1is what
is expected for the Johnson nolse in the frequency range of
1 or 2 ¢/s for a resistor of the order of 10§aat room
vtemperature, 'Thus the precision achieved cannot be greatly
improved by minor changes such as a more sensitive nullmeter,
better switches, et cetera.

Another factor which indirectly limits the overall
precision to the order of 1 part in 107 was mentioned in
the previous section. The resistors in the potentiometer
circuit range from about 10%a to 106a, Hence if insulation
resistances, and variations in both lead and contacﬁ resis-
tances are to introduce errors of 1 part in 108 or less,
they must be 2;106+8 = 10lgn.and < 101""8 = 10‘%& respec-
tively. Both of these extremes begin to present problems
experimentally.

The performance of the potentiometer during
calibration indicates that the precision required by
equation (5-1) can be achieved for doublets approaching

m/Am ~ 250, For wider doublets the precision of the
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potentiometer remains in the vicinity of 1 or 2 parts in
107 and thus falls behind equation (5-1).

Figure 23 shows the precision achieved for the
mass measurements reported in the next chapter. The
arrow indicates the optimum expected performance (see
equation 4-6) which is a factor of 8 better than that
achieved to date. Hence the AV/V potentiometer contributes
negligible error to these measurements.

The resolution R has been about 1/125,000 and
f ~ 1/2500 (2% and 4x respectively of the optimum expected
ve,lues)° One reason for this is that most of the meas-
uremeﬁts were obtained before the spectrometer was
vibration mounted. In addition, during some of the early
work the field of the magnetic analyser was not steady.
The recent elimination of both of these problems combined,
in the near future, with a computer assisted determination
of the matched condition will, no doubt, result in sig-
nificant improvements in both f and the effective
resolution.

The first two measurements made with the new
spectrometer appear in Table 3. As indicated, the secend
of these was obtalned using the circult described in this
chapter. The excellent agreement with the other values
presented indicates that the apparatus is free of serious

systematic errors. .
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FIGURE 23

The Precision Achieved by the Spectrometer
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- TABLE 3
114Cd35C12—112Cd35C137C1 MEASUREMENTS
Source

McMaster Visual (1963) (With CdCl)

Minnesota (Damerow et al., 1963)

Aldermaston (t,p) (McLatchie, 1966)

McMaster Visual (Modified sweep & AV, 1965)

McMaster Signal Averager (1966)

McMaster Sigﬁal Averager & Nier AV/V Circuit (1966)
Manitoba Signal Averager & Potentioﬁeter—Voltméter (1967)

Manitoba Signal Averager & New AV/V Circuit (1968)

. ;
The experimental uncertainties are shown as superscripts

following the convention used in the Nuclear Data Sheets.

w

M (pu)
547. 2.7
554, 4
548, 10-
546. o
547, S
548, 2
547.0 23
548.2 21
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CHAPTER 6

ATOMIC MASS MEASUREMENTS

Introduction

The_mass determinations reported in this Chapter
involved the elements fromvneodymium to dysprosium (2 = 60 - 66).
This region 1ls of particular interest as it spans the trans-
ition from spherical nuclei at N = 82 to highly deformed
nuclei beyond N = 92, Evidence for this transition appears in
isotope shift data, in electric quadrupole moment data, in
alpha decay systematics, in the beginning of well developed
rotational spectra, et cetera., Mass spectroscopic evidence for
the onset of nuclear deformation in the vicinity of N = 90 is
aiso well established (Hogg and Duckworth, 1954; Johnson and
Nier, 1957; Barber et al., 1964; Benson and Johnson, 1966;
Demirkhanov et al., 1967).

The measurements presented here ﬁrovide additional
information concerning this effect and, together with mass
spectroscbpic results obtained threé years ago at McMaster
University, provide for the first time connections accurate to |
a few keV between all of the stable isotopes in thié region.

In addition the new data permit the calculétion of some decay
.energies with improved precision and provide checks oh the
accuracy of several precise reaction Q values.

Most of thé mass doublets measured in this work
were of the form 2x3°c1 - #2¢37c1, The mass defects of ad-
jacent isotopes among& the rare earths are roughly the same
whereas the defects of the two stable chlorine isotopes

differ by about 3 mu. Hence doublets of this type have
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m/Am ~ 50,000 which is made to order for the spectrometer
described in Chapter 4. In addition the Precision required of
the AV/V potentiometer is only a few parts in 105 for such

close doublets (see equation 4-6).

New Mass Differences

The twenty doublets measured in this work are pre-
sented in Table 4. The first column contains a convenient
labeling system which is used below. Most values represent
the mean of about 20 runs; however, doublets T, D, H, P and
0 involved 1, 2, 7, 11, and 12 runs respectively. The
estimates of the standard deviations assigned to T and D are
believed to be conservative, For the other doublets the
error stated is the standard deviation of the mean., As
pointed out in Chapter 5 the AV/V potentiometer contributes

negligible error to these measurements.

Comparison of Results

The last column of Table 4 provides a comparison
with work done at McMaster University. The agreement with the
1966 McMaster work is fairly good except for A. It is known
that certain of the 1964 McMaster measurements were subject to
e systematic error.

In Table 5 the new mass differences are compared
with other mass spectrometric data. The isotopic mass dif-
ferences in column two were obtained by using the value

e - FBer = 1 997 049, 3% % uu |
which is the average of results obtained by Benson and Johnson

(1964) and Dewdney and Bainbridge (1965).
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TABLE 4

NEW ATOMIC MASS DIFFERENCES (pu)
(Z = 60 - 66)

Code Doublet AM (new)‘ McMaster-New
A 146Nd35C12—l44Nd35Cl37Cl 5 981.39°7 - 155
B lSONd35C12—l46Nd37Cl37Cl 13 669.11°1 = 15.10- e
c tdg ~144yg 1 911.4%-1 20.%
D 148y4 ~148gy 2 075, °°
E 15044 ~150g, 3 616.81°0 15.%° ma
o M8n¥cr 150370301 g 710,226 - o 13- g,
G l525m35c12—1485m37c137c1 10 80s.117 - .12
H 151Eu35c12414gsm35c137c1 5 612. /-

T P46aPc1,-1526a%Pc13%c1 4 018,520 - .32 g
J P8ea®c1, -1546a%%c137c1 4 203.7%+4 2.1 ue
K 158Gd35C12—156Gd35C137C1 4 925.01°3 1.% e
L 159Tb35C12—157Gd35C137C1 4 332,281
" 160, _160,, 1 854.00-8

N Yolpy3c1 -139mp35¢137c1 4 533,909
o 15803501 _1565,350137c1 3 g6+
P lGQDy35C12—158Dy35C137Cl 3 730.9%°3
Q 162Dy35C12—l60Dy35C137C1 4 551.0%°0 2.7 Ba
R 183py33c1,-100py35c137c1 4 7435101 2.4 we
s 104py33c1,-162py35¢13701 5 325.20-8 4.% we
T 154 154, 1 339 10. |

B4 Barber et al. (1964)

M4 McLatchie et al. (1964b)
M6 Macdougall et al. (1966)
W6 Whineray (1966)



-92-
TABLE 5

COMPARISON WITH OTHER MASS SPECTROMETRIC DATA
(comparison with McMaster data is shown in Table 4)

Masé Difference New (Mu) Others Others - New

146yq. 14434 2 003 030.6°°% 2 003 026. 3 Be - 4.6%0
2 003 080.%9 p7 49,21

150yq-146yq 4 007 767.7%% 4 007 761. ** B6 - 6.7°°%
4 007 740.%9  p7 - 28,41

14dg 144y 1 911,411 1 890.80-" p7 - 21 81
148yq-1485y 2 075. 5 2 120.%9-" p7 45,95
150yg-150gp 3 616.81°0 3 590,20+ p7 - 27,71
148 144gy 4 002 817.8%7 4 002 940.7% p7 122,73
15265-1485n 4 004 906.7%°° 4 004 930.°%° p7  23.°2"
15lpu-189gn 2 002 661. ' 2 002 630.°9 p7 - 31,37
1533gn-15%cq | 1 339,10 1 300.°%  p7 - 39, 60-
15444-15254 2 001 067.8%°% 2 001 104.89% B0 36.%%
2 001 410.%%+ p3 342,42

156:9-1346q 2 001 253.07°° 2 oo1 312.%9+ B0  59.%%
2 000 910.%9% b3 - 343.%L

1583915664 2 001 974.3%% 2 001 994.°%- mo  20.°%
2 002 260.39+ b3  286.3%

160449-160p, 1 854.09°% 1 890.°%- p3 36,91
159, 15764 2 001 381.5°°2 2 001 450.°%° . p3  68.°%"
16150159y, 2 001 583.27°0 2 001 400.°% D3 - 183.°%-
158, .156n, 2 000 129.9°*3 2 000 201.%89 mo = 71.83-
- 2 000 200580 p3  1601%*

160, 158p, 2 000 780.2%3 2 000 867.%9 B0  87.%%
| 2 001 250.130  p3 470 }*

162, 1604, 2 001 600.3%°1 2 001 574.90-  mo - 26.5%
' 2 001 600.%%" b3 0.8L

163n, 161y, 2 001 792.8%°% 2 o001 736.%0- mo - 57.6%1-
2 002 100.°%* p3  307.°%-

164,,-162p, 2 002 374.5%°9 2 002 327.100-  po - 47 10%
2 002 510.°% p3  135.°L

B0 Bhanot, Johnson and Nier (1960)

D3 Demirkhanov et al. (1963)
B6 Benson and Jonnson (1966)

D7 Dermi:khanov et al. (1967)
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The last two columns contain other data and a come
parison with the new values. Only the two neodymium mass
differences by Benson and Johnson are comparable in precision
with our work. The agreement with these two values is acceptable.
The new data agree well with the 1960 Minnesota work. Several
of the 1963 Russian values seem to be badly in error; however
there is good agreement with their later work although their

uncertainties are relatively large.

Additional Data

The new results can be combined with other data to
evaluate several quantities of interest. Figure 24 is a chart
representing all of the nuclides in this region together with
useful mass spectroscopic, decay and reaction connections.

The 1egend is self - explanatory. The McMaster doublets
indicated are listed in Table 6. The reaction data and decay
data together with their provenance are listed in Tables 7, 8
eand 9. Only those reaction links which enter directly into
the calculation of closed loops, decays, and neutron separation
-energies are noted in Figure 24, Other reaction dats are
compared with calculated neutron separation energies in
Tables 10 and 11, ‘

| Several quantities are required in order to carry
out the various calculations required below, The adopted

values of these gquantities are:
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‘FIGURE 24

A vs Z near N = 90
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TABLE 6

ADDITIONAL McMASTER DOUBLETS (pu)

(z = 60 - 66)(Macdougall,

Doublet

1440435, _142

, Nd35C137

145 35 143 .35 .37

Nd Clz— Nd~~cC1

148435, 146,435,137

2 :
150Nd35c12-148Nd35

147Sm35C12—l45Nd35Cl

149Sm35C12_1475m35c137

Cl37

37

150_ 35 148, 35 37

Sm Clz— Sm™TCl

1528m35C12—1508m35Cl

154Sm35C12—1528m35C137

153Eu35Cl2_151Eu35Cl37

157Gd35C12_155Gd35C137

160Gd35C12_158Gd35Cl37

37

Cl

Cl

Cl

Cl
Cl
Cl
Cl
Cl
Cl

Cl

C1

Cl

1966)



Code

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17

R18

'R19
R20
R21

R22 .

R23

R24

R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35

TABLE '

REACTION
Reaction Q (kev)
14234 (a.p) 143a 3 002,15
144Nd(d,p)l45Nd~ 3 521.%°°
1434a(n,»)14%Na 7 s17. 5-
130 a(a,p)Pna 3 084.13-
189n(n, ) 1%%ya 9 428, 5-
1485n(a,p) 1*%sm 3 648.12-
152gm(a,p) 153sm 3 645.12:
Y475m(a,p) **8sm 5 920.10-
95m(a,p) 1°%m 5 764.4
1485, (a,p) M%m 3 656.1°"
148sm(a,t) 4 7sm -1 890.1°"
150sm(a,t) 1 ¥sm -1 738.13"
M40 (t,0)1%%sm 6 681.2%"
1850 (6,00 P%m 5 372.2°-
O0smit,p)122%sm 5 376.2°"
3 2sm(e,p)O%sm 5 361.25-
Bisne,p) 2% m 4 556.25-
19:mn, ) %m 7 986.8%
15350 (m, ) % u 6 415.91"
B76am, 1 8a 7 934.0t"
9% (n,») %% 6 420.61"
1565, (d'p)157 4 745 10
1589 (a,t) by -2 804.10:
158Dy(d’p)159 4 c0g 10
16050 (a.¢) 159y 2 339.10-
160, (a,p) 1610y 4 231.10-
1625 (g ¢)161py _1 943,20
l61Dy(n $)1%2py g 192.83:
163y (n,») %%y 7 653.9°"
1649 (n,®)1%py 5 716.33"
163D (d'p)l64 e 434 5
164py(a,t)*3py -1 394. °-
162D (d,p)*%3py 4 049. -
162p0 (n, x)163 6 270.23"
Oyq(t,p) 15%na -4 125.30-

DATA

Reference

Wiedner et al. (1967)

(1966)

Nealy and Sheline (1967)
Beg and Macfarlane (1965)
Kenefick and Sheline (1965)

Hughes et al.

Kenefick and Sheline (1964)

"
Veje (1967)

"

Bjerregaard et al. (1966)

Rasmussen et al. (1967)

Bennett (1967, 1969)

Hafemeister and Shera (1966)

Shelton and Watson (1966)
Schult et al. (1967)

McLatchie (1968)
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A5
A6
A7
A8
A9

Al0

Decay
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TABLE 8

ALPHA DECAY DATA

148Gd(a)

149:4 (a)

lSOGd(a)

151Gd(a)

152c4(a)

lley(a)

152Dy(a)

153Dy(a)

1
54Dy(a)

156Dy(a)

144Sm
14SSm
146Sm
147Sm
148Sm
l47Gd
148Gd
149Gd
15054

152Gd

(keV) Reference
3 270,19 Nps (B2-4)

116.7°%  Machunka et al. (1966)
804.%0  mr (1964)

671.30- suvola and Graeffe (1965)

201.11' (Calculated, p.l00)

171.20 M7 (1964)

749.2% w1 (1964)

574. % Adam et al. (1968)

930.°%* w1 (1964)

747, ©- (Calculated, p.iOO)
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TABLE 9

BETA DECAY DATA

Code Decay Q (kev) References
Bl  *7nam™)47em 894.51°%  Canty and Connor (1967)
B2  1%Na () %m 1 669.10- MT (1964)
B3  147pmpbm) 147y 224.7°°®  Nps (B2-4)
B4 4%pnu-)1%8sm 2 465.10- n
B5  pnmp)1%%m 1 071, 2°0 My (1964)
B6  O%m7)%%m 3 230.60- "o
87  lpmw=)Blsm 1 101, 7- "
B8  14%pu(pt)148sy 3 101.30- NDS (B2-4)
B9 Orumt)1%0sm 2 248.18- MT (1964)
- B10 Plsmpm) Pleu 75.90- 6 "
B1l1  T%mu(b*t)%sm 1 856.8°"0 "
B12  13snm)1%3gw o1, ° "
B13 192mu(b7)1%%ca 1 s21. © "
B14 - Plrap)P%a 1 978, "
B15 12°mu(b-) %G 247,60 "
B16 2Pmu(bT)1%0ca 2 447.%°: o
817 YTRam)’ea 1 270.°0- "
B18 157Tb(ec)l57Gd 66 6. Naumann and Hopke (1967)
B19  1°%ga(b-)1°%mm 947. '- MT (1964)
B20  1287p (b7) 18py 946,10 " |
821 190, (™) 1%0py 1 788. % (Calculated, p.101)
B22  OLmp(p-)0lpy 584, ©° MT (1964)
B23  1%2mp () 102py 2 520.°2- Shima (1966)
B24 10375 (57)03py 1 680.°0- MT (1964)
B25 0l (p-)1%%y 3 100.1%%  Monnand and Moussa (1968)
3 400,200 Martin (1967)
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0,931 47815 xev

"1 008 665,291 et

1l pu

n

2n - (37c1 - 35c1) 20 281,193 ju

e = 4 002 603,10 % pu
5, (%H) = 2 224,59 xev
Sn(BH) = 6 257.40°:L keV
85, (3H) = 8 481,992 yev

The mass - energy conversion factor is taken from Cohen and
DuMond (1963) and the other values are from the Mass Table
(1964).

Closed Loops

Six closed loops involving the new measurements
and other data can be‘formed in Figure 24, In the first three
of these the chlorine mass difference cancels out and hence
contributes no error. In the fourth and fifth loops the
mass of the neutron also cancels, These fives loops are:

A+B-E-g=-=F-C= 3.05‘2/uu

A+c¢c-«D-F-~-2C = -3.37°1 Hsu
D+d~E-~g = -2.87'6)¢ﬁ
- 3284-s+1-‘129 -R = 3.14'8}1&11
~R20 + 1 - M+ Q+ B2 - N =L = 7.8%7 4y

The sixth loop does involve some of the data tabulated in

the last section:

B+ 2(37c1 - 3c1) - E - [}n/-» R18] - [*He - }(+ R5] = 1.6'}111
These results provide strong evidence for the

accuracy both of the measurements made in our laboratory and
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at McMaster, and of the various reaction @ values which are

. involved. It is a very satisfying state of affairs.

Calculation of Some Decay Energies

Several total decay energies can be calculated from
the data represented in Figure 24, As in the previous section
the chlorine mass difference and the mass of the neutron often

enter but cancel out in the actual calculation. The first de-

cay considered here is the alpha decay of 156

Dy (Al0). The
170, ‘

Mass Table (1964) gives Q= 1430, keV,

0 (*f0y) =1+ T4k 41 -n- P -0+ 2(3c1-F0)

- aHe

1 747.6° keV

152

The alpha decay of GA (A5) can also be determined

from mass spectroscoplic measurements. The Mass Table (1964)
gives Q= 2 236.9° keV

ro(l52Gd) =G+l =TT+ 2 (c1-3c1) Hue

11,

= 2 201.7"° keV

The alpha decay of 1488m can also be calculated.
The Mass Table (1964) gives 2 001?’ keV and Macdougall (1966)

keV for this decay.

Sm) = A+ ¢c - D+ 2(3701-3501) - 4He

gives a calculated value of 1 965,8
Q (148
* 6
=1 977. ' keV
According to the Mass Table (1964) the electron
capture decay of 151Gd has Q = 400, 10000 keV,

A much better value can be calculated here

QEc(l51Gd) = AN + 4He - f-H -‘2(3701m3501)

= 493,71 gev
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The energy avallable for the negatron decay of

5.

153Sm (B12) is well known (Mass Table: 801, keV, Nuclear Data

Sheets (Nov. "63): 80%.5’ keV), An independent value can be
obtained here by using three mass doublets and two reaction Q
vaiues.

Qﬁ(1538m) = «R18 + h=R7 «~H=- j+ 2 Iy -(37C1—35CI)

15 ke

= 8010 V

The Mass Table (1964) and the Nuclear Data Sheets

20,

(April 1964) give 1810. keV for the negatron decay of 160Tb

(B21). An improved value 1s available here,

Qp(16OTb) = =R21 - [N - (Q + R28)1]

= 1788.”’° keV
The energy obtained above for the negatron decay
of 160Tb‘can be combined with doublet M to calculate the energy
available for the electron capture decay of this nuclide.
The Mass Table (1964) gives 29.28‘ keV for this quantity.
Qpe(160Tb) = B21 - M

= 61, b keV

Calculation of Double Neutron Separation Energies

The majority of the mass spectrometric doublets
reported here together with the McMaster work (Table 6) are of

ASZXB?Cl = Am. Since the chlorine mass

the form AX 3501 -
difference and the mass of the neutron are Well‘known, such
doublets directly_give double neutron séparation energies.
A+2
Soy = 20 = ( X-AX)
=2n - (3701-3501) - Am (6-1)

Double neutron separation energles are recorded in

Table 10, Wheremass doublets are available the S, values
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" TABLE 10

DOUBLE NEUTRON SEPARATION ENERGIES (kev)

7 A N
soNd 143 83
144 84
145 85
146 86
147 87
148 88
149 ° 89
150 90
151 91
152 92
s1Pm 144 83
145 84
146 85
147 86
148 87
149 88
150 89
151 90
§oSm 144 82
145 83
146 84
147 85
148 86
149 87
150 88
151 89

'SZn

15
13
13
13
12
12
12
12
12

12

16
14
14
13
13
13
12
13

19
17
15
14
14
14

13

13

(New)
936. 2 NDS
947.
579.
319.9
853.
631. *-
399 - 11
428, 4-
670. 20-
30.

607.

R N e T
b=

110. NDS

390.

518, 2+ m
207. 48+ u
902.4 3:0 n
587. 22+
173, -
go6. ©0-

468. 10-

040.129+ yxps

379. 36
163. 23~
783, 2~
49g. 23-
019. 3-

NDS

861. 4.

588. /-

. MI'-New

- 27, 24,

- 17, - o 3,
- 6. 2 - 15.
- 15, °S-

- 4.
- 12,
- 26. 26-

- 54, 9
20,120,

19.
20.

16.
8.

14,
56.
10.
"120.
" 27,

_ 159.116.

9.24.
9. 17.

R1,R3
R2,R3

R6,R8
R10,R11
R6,R9
R10,R12
R14
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TABLE 10 _(continued)

AN 5, (New)
152 90 13 865.

153 91 14 134. -
154 92 13 846.

155 93 13 795, 17
156 94 13 038. 25-
146 83 17 693. 36-
147 84 15 736. 24-
148 85 15 287. >°°
149 86 |

150 87 14 714. 33-
151 88

152 89 14 256. 17
153 90 14 859 *-
154 91 14 970. 20-
155 92 14 596, ©-
156 93 14 507. 17
157 94 13 g75. °0-
149 85 15 926. 43-
150 86 15 629. 2%-
151 87 15 22g. 33-
152 88 15 101. 22
153 89 15 094, 3°-
154 90 15 148.3 2-1
155 91 15 117. 14-
156 92 14 975.7 L
157 93 14 g9g. °-
158 94 14 303.9 l-4
159 95 13 909. /-
160 96 13 397. O
161 97 13 020. 70-

10.
26,
10.
33.

95.
85.
38.
23.
38.

27.

100.

50.
49.

20.
33.
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TABLE 10 (continued)

4. A . N _Szn(New)

¢sTb 159 94 14 922, li'
160 95 14 574, 11
161 96 14 084, ©-
162 97 13 920. °°°
163 98 13 377. °0-
164 99 13 050.210-

ccDy 153 87 16 523. °°:
154 88 16 490. 60-
155 89
156 90 16 284. °8-
157 91
158 92 16 021.9 -4
159 93 15 894, 28-
160 94 15 416.1 2-4
161 95 15 055, 20-
162 96 14 652.2 1-1
163 97 14 472.9 12
164 98 13 931.1 +-0.
165 99 13 367. °°
166 100 12 864. -

. MT-New
6. 34
5. 39.
- 10. 31-
_ l7..'LOO;
246.228-
_ 360 173.
b5 32.
_ o, 52
0. 2-
- 16. 6
- 21. 8
- 75. 16 .‘
_ gy, 66-

. Reaction-New

12.17 ro2,R23
13.10- Ros,ros
4.1% ro6,r27
- 3.1 ro6,R28
- 6. ! r28,R33
- 10. °* R28,R34
- 3. 7+ Rr33,R29
2. 8 Rr33,R31
- 6. % R®33,R32
- 7. 2" R34,R20
- 7- R34,R31
- 10. 7+ R34,Rr32
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are calculated directlyvaccording to the above equation. The
-regilon from A = 142 to 148 was recently covered by the Nuclear
Data Sheets (NDS: B2-1, B2-4, 1967) and, as indicated, many of
the Sy, values are taken directly from this source.

Several of the values in Table 10 have been calculated
from various combinations of the data indicated iﬁ Figure 24,

In the cése of overdetermined values the one having the
smallest possible error was usually selected while, when possible,
tempering this cholce with the reliability of the input data.

The best method of calculating thé rositions of the
| nuclides in Figure 24 involves a least squares analysis as was
performed for the Mass Table (1964). Such an adjustment requires.
considerable time.and insight in order properly to evalvate the
reliability of the input data, not to mention the rather
elaborate computer program required to perform the ad justment,

In spite of these precautions and work, such ad justments can
contain significant errors over large regions due ﬁo the presence
of a few erroneous input values. A case in point is the 1964
Mass Table which contains the 1963 work of Demirkhonov et al.
(Table 5) and some of the early McMaster work in the rare earth
region (Barber et al., 1964),

Thus although the procedure used here is considerably
simpler than a least squares adjustment, it should be relatively
free of errors which propagate over a large region., Also,
'considering the quality of much of the input data, the values
given in Table 10 represent a major improvement over the 1964

Mass Table,
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The column labeled "MT - NEW" in Table 10 is a
cbmparison with the 1964 Mass Table values. The agreement is
quite poor 1n several instances., The absence of a comparison
simply mesns that the Mass Table value either has a stated error
greater than 300.keV or was used in the preceeding column
(in two instences). The last column is a comparison of recent
reaction data with Sp, values calculated directly from either
this work or the latest McMaster work. The agreement ls ex-
cellent. |

Although 1t is not practicable to»give here the de-
 tails of all the calculations used to arrive at the values in
Table 10, the calculation of Sp, for 156Dy is outiined below
as an example. This value is of particular interest since it
occurs at N = 90 and the value obtained is about 250.keV lower

than the Mass Table value.

156 p 1485

Dy can be calculated from that o

Sop for
' 148

and four alpha decays (see Figure 24), Sop for Sm is

available from three sources:
(1) = Nuclear Data Sheets (B2-4, Dec,.'67). This value when

Wgy 1s B2, keV higher then

‘added to the NDS value for
that calculated from our doublet F. This discrepancy
was traced to the fallure of the compllers to recognize
an incorrect McMaster value for the doublet 1448m - 144Nd

which is 37. keV higher than our doublet C. (The compilers

did’recognize this bad value in an earller issue

(B2-1, July '67)). Hence the Nuclear Data Sheet value

for SZn of 1u88m is dublious,
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(11)  Mass Table (1964), The sum of S, (*8sm) and spy,

(1468m) is in reasonable agreement with our value F;

however, the value for 1468m differs by nearly 50. keV
from that calculated from the (t,p) reaction R13.

Thié discrepanéy combined with the presence of several
‘bad mass doublets in the input of the Mass Table (as
mentioned above) ruled out using the Mass Table value

(MSSm)°

for Ssp
(111) Our doublet F and the feaction R13 also give a value
| for S,, (**sm). This value was selected for Table 1.
The pertinent alpha decays are A3, A9, Aj and Al0
(see Table 8), A3 is reasonably well known but A9 is uncertain
by 50.keV; however, no other values are available. Values for
A5 and Al0 were calculated in the previous section. Thus
Szn§156Dy) cen be calculated. Note that among the input data
are nine Manitoba doublets, two McMaster doublets and a (t,p)

reaction.

Calculation of Single Neutron Separation Energies and Neutron

Pairing Energies

The binding energy of the last neutron in a nucleus

is defined as

A+]
Sp=n - (

S, values for the various nuclides from neodymium to dysprosium

x-x) (6=2)

are listed In Table 11, As in Table 10, several values are
taken directly from the 1964 Mass Table or the 1967 Nuclear
Data Sheets. The remainder have been calculated from various

combinations of the data indicated in Figure 24 in a manner
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" TABLE 11

SINGLE NEUTRON SEPARATION ENERGIES (keV)

60

L4 A. . N .Sn(New)
coNd 142 82 9 809.
143 83 6 127.4
144 84 7 817.2
145 85 5 760.4
146 86 7 559.5
147 87 5 293.2
148 88 7 333.7
149 89 5 067.
150 90 7 361.
151 91 5 309.
152 92 7 298.
| 1
g Pm 143 82 9 870.
© 144 83 6 529.
145 84 7 990.
146 85 6 219.
147 86 7 684.
148 87 5 904.
149 88 7 268,
150 89 5 628,
151 90 7 -850.
soSm 143 81 8 430.1
144 82 10 616.
145 83 6 763.
146 84 8 411.
147 85 6 354.
148 86 8 144.0
149 87 5 874.

00.
45.
43, "
23. "
23. "
1r.
11.

60,

NDS
"

‘MT

30.NDS
36. 4

11.

19. ,

26.
4.8 ¢

4.

MI -New

13.

101.

44,

13.

156.

. Reaction~New

24.

115.

48,
46.
32.
32,
120,

11e.
21.
39.
44,
10. 15.
20.
l6.

19.

]
N W e

R8
R11l
R6
R10
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TABLE 11 (continued)

A N Sn(New) MT-New _ Reaction-New

Sm 150 88 7 986.8 10 - 5. % 2. % g
| 8.6+ Rri2
151 89 5 601. g. 22
152 90 8 264. ©°- - 40, 24
153 91 5 870. 12 16. 22-
154 92 7 976, 13- - 72, %0
155 93 5 819. Tl-mr - sk
156 94 7 262. 20+ o
Eu 145 82 10 421. 38-wps

146 83 7 259. 29+ 111. %9-
147 84 8 476. 22+ »
148 85 - 6 8lo. 2+ »
149 86
150 87
151 88 7 925. 12 g, 42
152 89 6 331. °- - 40, %°-
153 90 g 528, 10- 16. 22
154 91 6 415.9 1-0 - 31, %L
155 92 g 180. ° 6. 1O
156 93 6 328. /My
157 94 7 520, °0°

4G4 148 84 9 .020. iz'an .
149 85 6 906. 8- a4 188
150 86 g 723. 2%- - 3.174.
151 87 6 505. 41-
152 88 8 614. >2-
153 89 6 480. 3w
154 90 8 668. 1o - 2. 33-
155 91 6 449. °° 7. 14
156 92 8 527. °°MT
157 93 6 369.9 7 - 23, I
158 94 7 934.0 -0 - 5. O



N

Gd

64

65Tb

66°Y

159
160
161

158
159
160
161
162
163
164

152
153
154
155
156
157
158

159

160
161
162
163

164

165

95

96
97

93
94
95
96
97
98
99

86

87

88

89
90
91
92
93
94
95
96
97

98

929

~166 100

~110-

TABLE 11 {(continued)

Sn(New)

5 975. !
7 422.

5 650. /0 mr
6 769, 13+
g 153. T1-
6 420.6 10
7 663. °-
6 257, 25-
7 120. ’4-
6 230.130-
5 930,220
9 442. 3°-
7 og1. 44

409. °-

6 973, 10-
9 o61. 10-
6 833. 10

g 50¢6. 10

6 459.4 -2
8 192.g 3-0
6 280.1 32
7 651.1 -4
5 716. -
7 148. 33 Mr

MT -New

56.

22.
24,
- 21.
11.

49

18.

11.

34.
36.

40.
36.
19.
28.

194.
235.

44.

13.

Reaction-New

R26
R27
R33

* R34

R29
R31
R32
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similar to that described in the previous section for double
"neutron separation energles. Many values can be calculated
directly from (d,p), (d,t) and (n,¥) reaction Q values,

As in Table 10 Mass Table values with possible errors
in excess of 300, keV are not considered in the "MT - NEW"
column. In severai cases the agreement with the Mass Table
is poor{ however, where comparisons are available, the égreeu
ment with other reaction data is very good,

Two values are recorded for Sn (164Tb)° Among the
input data for this calculation is the decay energy for this
nuclide (B25, Table 9)., Although the measurement by Monnand
and Moussa has a.smaller possible error, regularities amongst
the S, values (éee Chapter‘?) suggest that Martin's value is
more accurate. Thus the latter value was used in evaluating

164 163Tb '

both Son Tb) and the neutron pairing energy of

| Neﬁtron pairing energy, as the term implies, refers
to the extra binding that results from the completion of a
neutron pair. One definition that has been used (Johnson and
Nier, 1957), (Benson and Johnson, 1966) (Macdougall, 1966)
(Whineray, 1966) is

P (Z,N) = S,(Z,N) - 5,(Z,N-1) (6=3)

(N even)
However, this definition does not take into account the
variation of Sn with N for a given element.
A definitlon which, to a good approximation, allows

for this variation has been given by Nilsson and Prior (1961).

Po(2,N) = (-1)¥ %.{sn(z,N) - % [sy(2,N+1) + sn(z,N-l)i} (6-4)
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They call P, the "odd -~ even mass difference parameter".
The factor of 1/2 effectively changes P, to the pairing energy
per neutron., Also this definition is not restricted to even N,
In the case of odd N, P, can be interpreted as a "missing"
pairing energy per neutron. P, will be further discussed in
the next Chapter where its variation with neutron number is
examined;

Equation (6-4) has been used with the data of

Table 11 to calculate the values in Table 12,



=11 3=

TABLE 12

NEUTRON PAIRING ENERGIES

Z A N (kev)
coNd 144 84 936,712
145 85 964.0%+2
146 86 1 016.4%-°
147 87 1 076.7%+%

148 88 1 077. 4

149 89 1 140.

150 90 1 087. 8

151 91 1 010.12

5P, 145 84 808, 22"

' 146 85 809,17~

147 86 g12, 13-

148 87 786. 2-

149, 88 751, 16"

150 89 965, 34"

65 146 84 927,12~

147 85 962,14

148 86 1 015. /-

149 87 1 096, °°

150 88 1125, 2

151 89 1 262, 4

152 90 1 265, ©-

153 91 1125, /-

154 92 1 066. S

155 93 900.%0-



TABLE 12 .(continued)
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z A Nooooooo R (keY)
. 147 84 721,16~
152 89 948,
153 90 1 077.
154 91 969.
155 92 904,
156 93 761,17
5464 149 85 983.22'
150 86 1 009.%%
151 87 1 082.2%3-
152 88 1 061,20~
153 89 1 081.t1-
154 90 1 102, 8-
155 91 1 075. °°
156 92 1 059, 3
157 93 930, 2-
158 94 8gl. 2-
159 95 852, 4
160 96 805, 18-
¢5Tb 159 94 779. -
160 95 744, 3-
" 161 96 662, %"
162 97 568,53+
163 98 513,70+
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TABLE 12 (continued)

Z A N Pn (keV)
66DY 153 87 1 173.30-
158 92 1 079. °-
159 93 99g. ©-
160 94 975. S-
161 95 968. >°
162 96 911.61
163 97 820.9°"
164 98 826.5°"
165 99 841, °°
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CHAPTER

NEUTRON SEPARATION ENERGY SYSTEMATICS

Introduction

A study of the wvariation of neutron separation
energies with neutrén number is a convenient and sensitive
method for investigating nucléar shell and subshell effects
and collective nucleon behavior. (Johnson and Nier, 1957)
(Barber et al., 1963a) (Barber et al., 1963b) (Bishop et al,,
1963) (McLatchie et al., 1964a) (Barber et al., 1964) (Benson
and Johnson, 1966). Although nuclei near N = 90 have been
previoﬁsly examined in this fashion, the data presented in
Chapter 6 provide the most accurate and detailed picture of

this region yet avallable,

Doﬁble Neutron Separation Energies

The data presented in Table 10 afe plotted in
Figure 25. The lines connect nuclides of constant Z. Al-
though odd N points lie close to the corresponding curves,
the restriction to even N removes fluctuations due to the
different nature of odd N nuclei. For such nucleilthe two
neutrons concerned are not palred, although Sop 1ls the energy
required to remove two neutrons and to break a neutroh palir.

' In the absence of shell, subshell, and collective
~effects, double neutron separation energy curves, for various
elementé display a remarkable regularity (Barber et al., 1963b)
(Bishop et _al., 1963). The curves display negative slopes,

are nearly stralght, and are virtually parallel from one
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FIGURE 2

Double Neutron Separation Energies (even N)
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element to the next. The negative slope 1s due chiefly to
_the 1ncreasing neutron excess, an effect which forms the basis

for the asymmetry term.in the semiempirical mass formula,
This term also accounts for the increase of Ss, as Z increases
for constant N.
The_curves in Figure 25 displayvihe features dis=-
cussed above; however, in the region from N = 88 to.N = 92
there is a striking change corresponding to the onset of
nﬁclear deformation. The appearance of collective motion of
certain of the nucleons implies the existence of an additional
bond betweén these particles, in agreement with the upward
bresk displayed here. Several features in Figure 25 are worth
special comment.
(1) The curves demonstrate the suddenness with which
nuclear deformation occurs as N exceeds 88,
(11) The curves suggest that nuclear deformation associated
With_neutrons does not increase appreclably beyond
N = 92, '
(111) Because Sy, curves are so regular in the absence of
| " shell, subshell and collective éffects, the extra-
polation of the "normal" curves in Figure 25 beyond
"N = 88 provides a method of estimating the energy
of‘deformation and of predicting the location of
possible low-1lying spherical excited states at N = 90
(Whineray, 1966) (MclLatchie, 1966). |
(i1v) The deformation varies with Z, being least for
dysprosium and rather large for gadolinium and

samarium. For neodymium the onset of deformation is
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less rapld; however, the point at N = 92 suggests

that this element also undergoes a large distortion.

Although data are less plentiful for the odd Z nuclei,

the curves for promethium and europium suggest that

these nuclel may have the 1argest‘deformationso

A few yeafs ago techniques developed in the BCS

theory of superconductivity were applied to the nucleus by
Belyaev (1959) and Soloviev (1959) on the suggestion of Bohr
ét al. (1958). More recently this theory has been applied to
rare earth nuclei (Kumar and Baranger, 1968). In addition to
accounting qualitatively for certain features of the excited
states of even-even nuclei and of nuclear moments of inertia,
Belyaev's theorylindicates that the equilibrium shape of a
nucleus is determined by a competition between two interactions
among the nucleons: a paiiing interaction which favors
sphericity, and a quadrupole interaction which tends to pro-
duce distortion. When the latter interaction emerges as the
dominant one, Belyaev predicts that the transition from
sphérical to deformed nucleil is rather sharp. This is con-
sistent with (1) above. The large deformation indicated for
odd Z nuclel (iv) is also in accord with this theory since
these nucleil léck the stabllizing influence of an even number

of protons,.

Single Neutron Separation Energies

The data presented in Table 11 are plotted in
Figure 26, The lines connect nuclides of constant Z for either

even or odd N.
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FIGURE 26

Single Neutron Separation Energies
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As 1in the Sy, case, the curves are quite regular
~up to N = 88, while from N = 88 to N = 92 there is strong
evidence for & rapid increase in nuclear distortion. Again
this effect i1s least for dysprosium and is strongest among the
odd Z elements indicating that nuclei containing an odd number
of protons deform more readily than their even-even neighbours.

The stabilizing effect of an even number of similar
nucleons is also apparent in the case of neutrons if the even
N curves are compared with the odd N curves. The former re-
turn more rapildly towards the extrapolated curves for spheri-
cal nuclel than do the odd N curves. Additional evidence for
this even-odd neutron effect is found in electric quadrupole
moment data (Myers and Swiatecki, 1966). In the rare earth
region there is a dist;nct tendency for odd N iéotopes to have
larger quadrupole moments than their even N neighbours, which
suggests that odd N nuclel are often more deformed than ad-
Jacent even N nuclel. |

Andther interesting feature of the S, curves is the
tendency of the odd Z points tolie near neighbouring even Z
points.' In the case of the odd N curves, those of odd Z are
displéced upward indicating an increased binding of the odd
neutron in the presence of the odd proton. For the even N
curves the displacement is in the opposite sense which suggests
that the even neutron is less tightly bound in the pPresence of
the odd proton. This grouping trend diminishes near N = 90
where nuclear deformation is being established., This effect
has also been noted by Benson and Johnson (1966) in the region
76 = N < 90. They attribute it to an odd proton-neutron

interaction. (Saxena, 1961)
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The two values plotted for terbium at N = 99 were
discussed in the last section of Chapter 6. The regularities
exhibited by the S, curves strongly suggest that the larger

of the two is in error.

Neutron Palring Energies

The data presented in Table 12 are plotted in
Figure 27 for even Z only. The lines connect nuclides of
constant Z for either even or odd N. As indicated the odd N
points have been displaced downward by 0.3 MeV for clarity.
The P, values for odd Z nuclei are about 0.2 MeV lower than
those for even Z due to the odd proton-neutron interaction
mentioned above; however, since these data are not plentiful
Pn, has been plotted for éven Z nuclei only.

As defined in equation (6-4) each P,(Z,N) value re-
présents one half of the vertical distance‘between the appro-
priate even N and odd N S, curves of Figure 26. Nilsson and
Prior (1961), who introduced thié definition, note that the
fluctuations of the P, versus N curves are smaller than those
of curves based on the simpler definition given in equation (6=3),
This more regular behavior is evident here if one compares the
even-even curves with those plotted by Macdougall (1966).

The chief feature of the P, curves is the peak at
N = 89 and 90, Nilsson and Prior also found this feature; how-
ever, the data used here are much more accuraﬁe than those
available in 1961. The large increase in pairing energy near
N = 90 is in accord with the evidence displayed by the Sy and

Sgpn curves for nuclear deformation in this region.
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FIGURE 27

Neutron Pairing Energies (even Z)
(0dd N points have been decreased
by 300 kxeV for clarity.)

Note: Estimated uncertainties of * 20 keV were originally
assigned to reactions R22 to R27 inclusive; however, in a
recent communication Bennett gives * 10 keV for these reactions.
Because of this change the error bars shown in Figure 27 for

Dy at N = 92, 93, 94 and 95 should be reduced by about 50%.
(Although these changes were received too late to be included
in Flgure 27, they have been included in Tables 7, 10, 11 and
12). |
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SUMMARY

A high precision voltage supply and potentiometer
circuit has been constructed to supply and measure the voltage
ratio required by the new Manitoba second order mass spectro-
meter. The potentiometer is capable of matching & spectro-
meter precision of at least one part in one billion for
mass doublets as wide as one part in 5,060, and may do nearly
as well for doublets as wide as one part in 100. To date |
the precision of the spectrometer has been somewhat lower
with the fesult that the potentiometer has contributed
negligible uncertainty to the mass measurements reported
here.,

The new second order spectrometer has been come
pleted and used to measure some twenty close doublets among
the rare earths between 2 = 60 and Z = 66, Together with
twelve McMaster measurements these data provide for the first
time connections accurate to a few keV between all of the
stable isotopes in this region. The mass measurements are
internally consistent, agree well with all avallable precise
external data, and permit the calculation of some decay
energies with improved precision.

The new measurements have been combined with other
data in order to calculate neutron separation and palring
energles. The neutron separation energy systematlcs con-
firm in greater detail the well established onset of nﬁclear
deformation near N = 90 but indicate that the effect is not

as strong in the case of dysprosium as for the other elements

in this region.,
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