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Clrcult DeslEn

(1) switches

Swltches A through J (Fleure 13) are type 96LO

"Dual conüact" sv¡ltches prod.uced by Gulld.llne rnstruments

Ltd-" Tkre lviper of each swltch rs ln the form of a narrow

"x" wlth elther sld.e composed. of elght lnd.Lvlduarly spnrng

leavesn The force wlthln these leaves hoLd.s one end. of
wlper agalnst d.ual contacts at the center pole and. the other
end- agalnst slnllar contacts at the various swltch posltlons.
Thls d-eslgn ensures a hlghly reprod-uclble contact resistance"
The end.s of the leaves make a snall angle wlth respect to
the d.lrectlon of rvipe to provld.e a self cleanlng f eature 

"

alL swltch conductors are copper and. are of substantlal
d.eslgn' Thermal emf 's generated. ln the swlt.ch are * 0,01 ¡v
and., t¡lth clean con'bacts, varlatlons 1n contact reslstance
are t, 0,1 mfL"

TLre s¡ulüch contacts are mounted on a sheet

(l+" x l+" x L/2" ) or lnsulator. A 500 v battery and

elecürometer v¡as used. to exnmlne the qual.lty of the

lnsulator supplled- wlth the swltches, The reslstance
between palrs of eontacts ?ras found. to vary from about

0,7 x 1g12g to 5 x 1012-fL , slnce the potentlometer clrcult
contalns reslstances of the ord.er of :.04c to 1O6o and- as

the errors d.ue to circult d.eslgn are to be É 1 part ln 108,

lnsulatlon reslstances of the ord-er of 1012n are too low,

All swltches wlth the exceptlon of B and. H were

rebullü using "d.eIrln", a waxy opaque whlte plastlco 1n
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place of the d.ark brown lnsulator whlch was or181na11y sup-

plled.o The new lnsulatlon reslstances are about 4 x 101¿[fL.

Beststances of the order of 1012fI are quite ad.equate for

sr^rltch B whlch ls attached. üo the V batterlesn Sivltch H

was ln an earller shlpnent from Gulldllne and. although not

nounted. on d.elrln, lts lnsulation ls nearly as good-.

The reslstances of common lnsuLators such as

those used. on lrlres and. for clrcult board.s varles from

about 1O9n to tOllft. Reslstances of the ord.er of 1012¡- and.

hlgher are qulte sensitlve to hunld.lty and. surface fllms"

fn the case of delrln¡ xêslstances of the ord"er of lOl5O

can be achleved. lf the flna1 cleanlng of the surfaces ls

done wlth d.lstllled. water (breathe on the surface) fol-

Lowed. by rubblng wlth a elean c}oth. The measurement of

such reslstances requlres some obvlous precautlous !n the

arrangement of the battery-electrometer clrcult. In ad--

d.1tlon the lnd.1cated. reslstance often lncreases wlfh a

tLrne constanü of several mlnutes d.ue to d.lelectric ab-

sorptlon or polarlzatlon.

(11 ) wlrrns

Mosü of the lead.s appearlng ln Flgure 13 are

gauge #LL+ amealed. bare copper wlre whlch has a reslstance

of L nn/IZ cn. The leads from the VDB to swltch H' and-

from the center posltlons of thls swltch to swltches B and.

G are gauge #6t 7 strand., anneale¿ bare copper wlre v¡hlch

has a reslstance of L nO/7? cIIIo Nearly all lead-s are sup-

ported. ln a1r by thelr own r1gld.1ty anÖ ühat of the con-
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nectlons at thelr end.s. The naJorlty of connectlons are

secured. wlth Kester 1ow thermal ernf sold.er (30% Sn, 70i6

C0) uslng #t54t+ resln flux. All measurements of resls-

tance ln the nlllloh¡a range were mad.e uslng a four termlnaL

ammeter-voltmeter technique. The nullneter ¡nentioned. earlier was

used. to measure the voltage d-rops.

A vlew of a portion of the clrcult of Flgure L3

appears ln Flgure 22, The 100 V supply ls at the lot+er

left, the DllR box ls ln the center rear, and- the ?JR dnaln

appears "y the top and. sLlghtty rlght of center"

The resi.stances of several lead.s ln Flgure 13

are not crltlcalo These lnclud.e the leads fron the 100 V

supply, ühe lead.s ln the V circult lnclud-lng those attached.

to sv¡j.tches A, B and. C, and. a few others"

The leads attached. to the DIttB are ad.Ju.sted ln

length so þhLat they contrlbute negllglble error r¡rhen tl,e

ÐMR reslstors are measured.. I^Ihen swltches I and. J are set

to exa^mlne the varlous DiliB reslstorsr the lead. reslstances

between the poles of I and. J are equal to ¡¡lthln t0,15 mO,

The reslstance between the o11 lmmersed. reslstors ls

>5 x 1012o whlch Ls ad.equateo

I^Ihen the DMB reslstors are measured. by uslng the

VDR to conpare them wlth RIO, the reslstance of the lead.s

ln the R16 branch acts sinply as part of R1g, SinllarLyo

the lead.s ln the branch contalnlng a DIriB reslstor ea.n be

consld-ered. as part of thls reslstor. Slnce only rela'bive

values are lmportant, these lead.s have no effect on LÌre

resulüs provld.ed. they are nearly the sane from reslstor
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FIGÜRE 22

Part of tlne AV/V Potentlometer Clrcult





to reslstor (t0.15 mOas above). The few mltllohns between

the VDR terulnals and. the Junctlons v¡here the excltlng
vol'bage 1s applled. effectlvely compress the VDR steps by a
few parts ln 108; hòwever, slnce BtO and. the DI,ÏR reslstors
are nearly equal, the effect on the VDR settlngs 1s several

ord.ers of magnltud.e srnaller agaln and. thu-s ls conpletely

lnslgnlfl canü,

The comparlson of the VDB agatnst the DIviB ratlos
1s also unaffected. by lead- reslstanceso The reslstances of

each of the four leads fron the "0 VOLTS" and. the n- + VOLTS"

Junctlons to Ëhe DMB and. VDR ter"rnlnals equals 3,5 ! 0,J no"

The two 3"5 nO lead.s ln the VDR branch apparently introd.uce

an error approachlng 0.J step ln the seventh d.lal at elther
end. of the \DR; howevero slnce the load. presented" by the

DMR wlth lV = 12r 11 , LO, 9 oT 7 ls equal to that presented.

by the VDB to w1thln about t3}i,,, bhe currents ln the üwo

branches are equal to the same sort of preclslon and the

voltage d.rops over the four lead.s are roughly the same.

Hence lead. lnd.uced. emors in the VDR settlngs are É 0,1 step

ln the seventh d.lal

The reslstors 1n the ZJB. cinaln are lnd.lvld.ually

enclosed. ln o1l- flLled. ¡netal cyllnd.ers and. have a reslstor
üo case reslstance of the ord.er of 1012rr- to 1013no For thls
reason these reslstors are suspend.ed. ln alr by thelr lead.s

(ntgure 22). The lead. reslstances fron the "CHAIN R's"

lnputs to the reslstors B1 üo R9 and. the VDts vary S 1 nfL

and. hence contrlbute errors É I part 1n 108. ïn several
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cases some of the lead.s near swltch F act slnp1y as part

of the reststor chaln" The reslstance of the lead-s frorn

the botto¡o of the VDR to the top of the ZJB' chaLn 1s -I"5
whlch lntrod.uces an error - I part In 108'

Preclslon Achlerc4

The llnlt of about 1 part ln 107 on the preclslon

of all electrlcal measurements connected. wlth the d-eterrnlna-

tlon of ÀV/V ls d-ue nalnly to rand.om fluctuatlons of about

0"05 ¡V ln ühe nulLmeter" Thls slze of fluctuatlon' ls what

1s expected. for the Johnson nolse 1n the frequency range of

L ot ? c,/s for a reslstor of the order of 105nab room

temperatüTêo Thus the preclslon achleved. cannot be greatly

lnproved. by mlnor changes such as a more sensltive nullmetero

better swltcheso eÞ ce-te]:a,

Another factor whlch lndlrectly linlüs the overall

preclslon to the ord.er of 1 part ln 107 was mentloned. ln

ühe prevlous sectlon. The reslstors ln the potenËlometer

clrcult range from about 10þo to 1O6c' Hence lf lnsulatlon

reslstances, and. varlatlons 1n both lead. and contact resls-

tar¡ces are to lntroduce errors of l part ln L08 or lesst

they must be > to6+8 = 1014¡r- and { 104-8 = 10-þ¡l respec-

ülve1y" Both of these extremes begln to present probLens

experlmentally"

The performance of the potentlometer d.urlng

callbratton lndlcates that the preclslon requlred. by

equatlon (¡-f ) can be achleved. for d.oublets approachlng

m/dm - 25O, For s'rlÖer d.oublets the preclsion of the
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potenülometer remalns ln fhe vlclnlty of 1 or 2 parts ln

107 a¡rd. thus falls behlnd. equatlon (5-1) .

Flgure 23 shovrs the preclslon achleved. for the

nass measurements reported- 1n the next chaptero The

arrow indlcates the optturum expected. performance (see

equatlon 4-6) whlch ls a factor of B better than that

achleved. to d.aüe " Hence t]ne AY/V potentlometer contrlbutes

negllglble error to these measurements"

The resolutlon R has been about L/L25,000 and.

¡ - !/2J0A (2x and. &x respectlvely of the optirnum expected.

values). One reason for thls ls that most of the meas-

urements were obtalned. before the spectrometer was

vlbratlon mounted.o In ad.d-ltlon, d.urlng some of the early

work the field. of the magnetlc analyser was not steady,

The recent ellnlnatlon of both of Ëhese problems comblned.'

ln the near future, wlth a computer asslsted d.eterulnatlon

of the natehed. cond.ltlon wlllr rlo d.oubt, result in s1g-

nlflcant lmprovements ln both f and. the effectlve

resolutlon.
The flrst two measurements mad.e wlth the new

specËromeüer appear ln Table 3, As lnd.lcated., the second.

of these was obtalned. uslng the clrcult d.escrlbed. ln thls

chapter. The excellent agreement wlth the other values

presented lnd.lcates that the apparatus ls free of serlous

systematlc errors.
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FIGUBE 23

The Precislon Achleved. by the Spectrometer
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TABLE 3

114cd3 t 

"t r-11 
2cd3 5ct3 7cl 

¡ouasuREMENTS

Source

McMaster Visual (1963) (witn CdCl)

Minnesota (Damerow et e_L., 1963)

Aldermaston (t,p) (Mclatchie, 1966)

McMaster Visua1 (Modified sweep & AV, 1965)

McMaster Signal Averager (1966)

McMaster Signal Averager a Nier LV/V Circuit (I966)

Manitoba signal Averager & potentiometer-voltmeter (rg67)

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

The experimental uncertainties are shown as superscripts

following the convention used in the Nuclear Data sheets.

M (¡ru)

3 547. 2'*

3 554. 4'

3 548. 10"

3 s46. 3'

3 s47. 3'

3 548. 2"

3 547 .O 2'3

3 548.2 2'r
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CHAPTER 6

ATOMTC MASS MEASUBEMENTS

ïntroductlon

The- mass d.eterulnatlons reported. ln thls Chapter

lnvo1ved. the elements from neodpnlum to d.ysproslum (Z = 6O - 66),

Thls reglon Is of partlcular lnterest as lt spans the trans-

ltlon from spherlcal- nuc1el at N = 82 to h1ehly d.eformed.

nuclel beyond. N = p2. Evld.ence for thls üransltlon appears ln
lsotope shlft d.ata, ln electrlc quad.rupole ¡noment d.ata, ln
alpha d.ecay systematlcs, 1n the beglnnlng of well d.eveloped,

rotatlonal specfrao et_çetera" Mass spectroscoplc evldence for
the onset of nuclear d.efomatlon ln the vlclnlty of N - Ç0 ls
also well establlshed. (HoSg and. Ðuckr¡orth, 1954¡ Johnson and.

Nler, 1957; Barber g[*gf. , 196l+; Benson and. Johnson, L966t

Denlrkhonov e-t ê1" , 196?'),

The measurements presented. here provld.e ad.d.ltlonal

lnfomratlon concernlng üh1s effect and, together wlth mass

spectroscoplc results obtalned. three years ago at McMaster

Unlverslty, provld.e for the flrst tlne connectlons accurate to

a few keV between all of the stable lsoüopes ln thls regLon,

In ad.d.ltlon ühe new d-ata pemlt the calculatlon of some d.ecay

.energles v¡lth lnproved. preclslon and. provlde checks on the

aecuracy of severa1 preelse reactlon Q values"

Most of ühe mass doubLets measured. ln thls work

were of the forrr Ax35cr - A-2y37ça" The mass d.efects of ad-

Jacent lsotopes amone; the rare earths are roughly ühe sane

whereas the d.efects of the two stable chlorlne lsotopes

d.lffer by about J mu. Hence d.oublets of thls type have
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m/Am * 501000 whlch ls mad.e to order
d.eserlbed. ln Chapter 4" In ad.d.ltlon

t]ne LV/V potentlomeËer 1s only a fev¡

cLose d.oublets (see equatlon U-6),

for the speetrometer

the preclslon requlred.

parts rn 105 for such

of

New Mass Dlfferences

The twenty doubrets measured. ln thls work are pre_
sented ln Table 4" The flrst .colu¡on contalns a convenlent
labellng' systen whlch ls used. below. I'fost values represent
the nean of about Z0 ruls i however, d.oublets T, D, H, p and.

o l-nvolved le 2, 7u 11, and rz runs respectlvely" The

est1nates of the stand.ard devlatlons asslgned. to I and. Ð are
belleved. to be conservatlveu For the other d.oubLets the
error stated. ls the. standard. devlatlon of the mean, As

polnted. out ln ChapteT j t]ne AV/V potentloneter contrlbutes
negl-lglble error to these measurements.

Conparlson of Resulüs

The last corumn of rable 4 provld.es a eomparlson

wlth work d.one at McMaster unlverslty" The agreement wlth the
1966 McMaster work ls falrry good. except for A" rt ls hro¡cn

that certaln of the 196l+ McMaster measurements i,rere subJect to
a systemaülc enor.

ïn Table J the new mass d.lfferences are coarpared

wlfh other mass spectrometrlc d.ata. The lsotoplc mass d.1f-
ferences 1n colr¡mn two were obtalned by uslng the value

i7 ?< ntr)(cL - ))Çt = I 99? oug, 1'o,u )ru
whlch ls the average of resul-ts obtalned. by Benson and. Johnson
(L96tt) and. Dewdney and Balnbrtd.ge (l.965) 

"
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TABLE 4

ATOMTC MASS
(Z=60

Code

A

B

c

D

E

F

G

H

I

J

K

L

M

AT
IY

o

P

0

R

S

T

Doublet
146*a35ct,

15ooua35ct,

144---Sm
14 8Nd

150Nd

DIFFERENCES (¡ru)
66)

AM (nêw)

5 981.30-9

13 669 .11'1

1 911. 41' 1

2 075. 5-

3 616.81'0

B 7rg .22 "6

10 80 8.11'7

s 6L2. 7'

4 018.52'0

4 203.7L-4

4 g25.01'3

4 332 .2L'L

1 8s4.00.8

4 533.90'9

3 080.63-3

3 730 .g2'3

4 551. 01'0

4 743.51'1

5 325.20'8

I 339 .10 '

McMaster-New

15.5' M6

ts .10 ' ¡re

40 .4' M4

15.6' M4

9.13" B4

e .r2' uø

2.32' B4

e.11' ¡,re

4.4' M6

4.7 ' B4

2.4' vü6

4.4' w6

B4
1'44

M6
w6

_144Nd35ct37cl

_ 1 46Nd3 7Ct 3 7Ct

14¿.
--' 'lüd

_14 8sm

_150sn

14 8sm35c ,r-t 44sm3 7ct 3 7ct

152sm35 

"rr-'48sm3 
7 ct37 ct

15 leu35 
c t r-t49s*35 c13 7ct

15 4 cd35 c t r-L5 
2 

ea35 ct 3 7ct

156 cd35 c r r-'u4 ca35 ct 3 7ct

15 8cd35 cr z-156 cd35ct3 7ct

159Tb tt"tr -15 7cd35ct37ct

160Gd _160Dy

16 lDy35 ctr-rsg T u 35ct 37"t

15 8Dy35 
c t r-"uoy35 ct 3 7cl

16oDy35c rr._'u Boy35ct 37ct

16 2 
Dy35 ct, -tu o o" 35 ct 37 ct

16 3Dy35c tr-tu loy35ct3 7ct

16 4Dy35 

"rr-'u2 
oy 35 ct 3 7ct

154sm _154cd

Barber et al. Qge A)
MclatchïêGE-a1. (l-96 4b)
Macdougaf f et af . 0966)
Whineray (19681-
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TABLE 5

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

Mass Difference New (Fu)

2 OO3 030..61'0

4 o0 7 767 .7r'4

r 854. O0' B

2 001 381.5r'2
2 ool 583. 21'0
2 ooo r2s.93'3

2 000 780.22'3

2 001 600.31' 1

2 001 792.8r'2

2 oo2 374.50'9

Others

003 026. 3 '

oo3 080. 20'

007 76L. 4'

oo7 7 40.40'
1 890. B0 '

2 L20.60 - '

3 590. 90'

oo2 g40.70"

004 930.50'
002 630.30'

I 300.50'
001 104. B0'

001 410.40'
oo1 312.60'
000 910. 40'

001 gg4.90 "

oo2 260.30'
1 890.90'

001 4s0.50'
oo1 400. 50'

000 201.80'
000 290.160' '

000 867. B0'

ool 2s0.130'

001 574.60'
001 600. B0'

001 736.60'
oo2 100. 50'

oo2 327.L00'

o02 510. 50'

Others New

86 4.64'0
D7 49 .2L'
86 6 .75' 4

D7 28.4r'
D7 21. 81'

D7 45.65'
D7 27.9L'
D'7 L22.73 '

D7 23.52 "

D7 31. 3 7'

D7 39.60'
Bo 36.82 "

D3 342.42'
Bo 59.61'
D3 3ß.4L'
B0 20.91'
D3 286.3r'
D3 36.91'
D3 68.51'
D3 183. 5r'

B0 71.83'
D3 160:63'
B0 87 .82'
D3 470:32"
B0 26.6L-
D3 0.81'
B0 57.6r'
D3 307.51'
B0 47.r0L
D3 135.5f '

14 6Nd_ 14 4Nd

150Nd_t46Nd

144 1L4- - -Sm--'-Nd
14 BNd_ 14 8Sm

15oNd-l_50Sm

1 48sm_ 14 4sm

l52sm_t-4Bs*
151_ L49^-t;u- bim
154sm_154Gd

154cd-152cd

156cd-154cd

l5Bcd_156cd

16ocd_t60oy
159rb-157cd
tutoo-159rb
tt tor_tuuoo

16 ooy-15Boy

ta2oy-t6ooy

163oy-161oy

tunor_ruroo

B0 Bhanot, Johnson and Nier (1960)
D3 Demirkhanov et al. (1963)
B6 Benson and Jó-ffi¡r (1966)
D7 Dermirkhanov et aI. (1967)

2

2

4

4

+

4

1 911.41'1
2 075. 5.

3 616.8r'0
oo2 Br7 .82'7 4

o04 906.7r'9 4

oo2 66L. 7' 
2

I 339. 10'

oot 067.g2'o 2

2

o01 253.01'5 2

2

o01 974.3L"4 z

2

2

2

2

2

2

2

2

2

2

2

2

2
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The last two columns contaLn other data and a con-

parlson rolth the new values. 0n1y the two neod-)mlun mass

d.lfferences by Benson and. Johnson are comparable ln preci.slon

¡,tlth our vlork, The agreement wlth these t¡¡o values 1s acceptable.

The new d.ata agree well- wlth t]ne l)60 Mlnnesota work" Several

of the l963 Bussian values seem to be bad.ly ln errori however

there ls good. agreemenü wlth thetr later work although thelr
uncertalntles are relatlvely Iarge.

Add.ltlonal Data

The new results can be conblned- rolth other d.ata to
evaluate several quanËltles of lnterest" Flgure 24 Is a dnart
representlng all of the nuclld.es Ln thls reglon together wlüh

useful- mass spectroscopleo d.ecay and. reactlon connectlofrso

flhe Legend. ls seLf - explanatorfe The i{cMaster d.oublets

lnd.ícaüed. are llsüed. ln Table 6" fhe reactlon d.ata and. d.ecay

d.ata together with thelr provenance are Llsted. 1n Tables ?, g

and 9" 0n1y those reactlon l-lnks ¡qhlch enter d.lrectly lnto
the calculatlon of cLosed. l-oops, d.ecays, and. neutron separatlon
energles are noted. ln Flgure 2L+" other reactlon d.ata are

compared. wlth calculated. neutron separatlon energles ln
TabLes L0 and. l-1.

Several quantlttes are requlred_ 1n ord.er to carry
out the varlous calculatlons requlred. belowu The ad.opted.

values of these quantltles ares
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FIGUR¡* 2¿l

AvsZnearN=90
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TABLE 6

ADDITIoNA-L McIvIASTER DoUBLETS (p,,)(z = 60 - 66) (¡raco""éãi1," rs66)
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DoubletCode

a

L

c

d

e

f

1 4 4Nd35 cL z-142Nd35 cl 3 7ct
145Nd 35 

c r r-'4 
3l¡a35 cl 3 7cl

14 8Nd35 ct, -146ua35ct 37 ct
15oruo tt"rr-1 4 aNd35ct37cl

1 4 7sm35 ctr-145ud35c1 3 7at

149 
sm35 c r r-'n 

7s*35c1 3 7c1

15osm35 
cr z-14 

Bsm35ct 3 7"t
15 2sm35cl, 

-150s*35ct 37 ct
15 4sm35ct, 

-152s*35ct 37 ct
15 3Eu35cr, -tt fe..r35cl 37 ct
15 Tca t'"rr-155ca35ct3 7ct
160cd35c rr-"Bco35ct 37 ct

AM

s ¡0a.3-

s 70s.4.

6 72t.4'

a gæ.4.

5 zø+.4'

s zst.3.

s 4oo .4'
5 sga .4'
s qtz .4'
4 3;2g .4'
+ zgr .3.

5 agg.3'

I
h

l_

j,

k

1
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TABLE 7

REACTÏON DATA

Code Re acti on

142Nd (d,p) 143Nd

144Nd (d,p) l-45Nd

143Nd(n,s) 144Nd
15oNd(d,p) 15lNd
149sm(n 

roc¡ 
146Nd

14Bsm(d,p) 149sm

152sm(d,p) 153sm

147sm(d,p) 14Bsm

149sm(d,p) 15osm

148sm(d,p) 149sm

tnBt*(d,r) 147s*
15ot*(d, r) 149s*
144sm(t,p) 146sm

l4Bsm(t,p) 15osm

15osm(r,p) 152sm

152sm(t,p) 154sm

154sm(r,p) 156sm

149sm(n,$) 15osm

15 3Eu (n , )) 15 4Eu

157cd(n,ä) r5Bea
159Tb (n , b) 16oTb

tuuo" (d,p) t"ro
t5Boy(d,r) t"o,
ts 8oy (d,p) 159Dy

16oDy (d,t) 159Dy

toooy(d,p) toloy
tø2oy(d,r) toloy
t6loy (n, ð) 'u'o"te 3oy (n,ä) ta4oy
te4oy(n, ð) tuuoo
te 3oy (d,p) tøAny
taAoy(d,r) to3ny
tu'or(d,p) te 3oy
ta2oy (n, [) 16 3Dy

15oNd (t,p) 152Nd

Q (kev)

3 902.L5'
3 521.15'

5.I óLt.

3 0 84.15'
g 428.5'
3 648.r2'
s a as .L2'
5 920.10'
5 764.4'
3 656.ls'

-r ego .15'
-r z:g.15'
6 68r.25 '

5 372.25'
5 376 .25'
5 36 L.25 '
4 55 6 .25'
7 986.81'
6 4L5 .gr'
7 g 34 .Or'
ø +zo.øL'
q 7 48.10 '

-2 go ¿.10'
4 60g.1o'

-2 339 .10'
q zlt.Lo '

-1 g¿:.10'
B 192.g3'
7 6fi.9 3'

5 ttø .13'
5 ß4.5'

-1 394.5'
4 o4g. 5'

6 270 .23'
-4 tzs.3o'

Reference

Wiedner et al. (re67)
1t

Hughes et al. (1966)

Nea1y and Sheline (L967)

Beg and Macfarlane (1965)

Kenefick and Shelíne (1965)
1t

Kenefick and Shel-ine (f964)
|l

Veje (L967)
1t

I

Bjerregaard et al. (1966)
tl

tl

¡1

tl

Rasmussen et al'- (1967)
lr

tl

il

BennetL (L967, 1969)
ll

tl

ll

It

il

Hafemeister and Shera (1966)
t1

n

Shelton and Watson (1966)

Schult et al. (L967)
tl

1t

Mclatchie (1968)

R1

R2

R3

R4

R5

R6

R7

RB

R9

Rl0
Rl1
RI2

Rl3
Rl4
Rl5
Rl6
Rl7
RlB

R19

R20

R21

R22

R23

P.24

R25

R26

R27

R2B

R29

R30

R3t
R32

R33

R34

R35
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TABLE B

AIPHA DECAY DATA

Code Decay e (kev) Reference

Ar l48cd (.) 144s* 3 27o.Lo. NDS (82-4)

A2 149"u (u) 145s* 3 116. 10. 
Mar.:hunka et al. (Lg66)

A3 tto"a(u) 146s* 2 804.10. MT (1964)

A4 151cd (.) 147s* 2 67L-30' siivola and Graef fe ( 1965)

A5 152cd(a)14Bsm 2 201.11. (catculared, p.roo)
A6 tttoo (r) t47ea 4 L7r.2o. Mr (1964)

A7 tu'o" (.) 14Be¿ 3 749.20. MT (1964)

AB tttor(r)149ea s sl+. B. Adam er at. (1968)

A9 t54oy (-) 150e¿ 2 g3o. 50. MT (Lg64)

410 ttuo" (r) 152e¿ 1 7 47 . 6. (calcut_ared, p. l0o)
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TABLE 9

BETA DECAY DATA

Code

B1

B2

B3

B4

B5

B6

B7

BB

B9

810

811

BL2

813

814

815
816

BL7

818

819

820

E2L
F,22

E'23

F^24

825

Decay

147Nd (u-) 147p*
149Nd (n-) 149p*
r47Pm(b-) 147r*
l-4BPm(u-) 148s*
149Pm(b-) 149s*
15op*(n-) 15os*
15IPm(n-) 15ls*
1488u (o+) 148srn

lsoru 
15+¡ 

l5osm
15lsm(¡-) 1518u

152Eu,p*¡ 152s*
153sm(¡-) 153eu

1528u (u-) 152c4

1548u (¡-) 15aea
1558u (u-) 155c4

1s6'u(u-) 156ea

1s7Eu (u-) ls7ea
157Tb ("") 157c4

ls9cd (o-) ls9r¡
158rb (u-) lsBoy
16orb (¡-) 16ooy
16lrb (n-) 16loy
L62Tb(u-) 162oy
163rb (u-) 163oy

164rb (r-) 16aoy

Q (kev)

ag¿. s1'o
L 66g. to'

224.70'6
2 46s. 1o'

r 071. 2'o

3 430.60'
1 191. 7'

3 ror.3o'
2 24a.18'

ls.go'6
I ese.a3"0

go t. u'

r g2r. 6'

1 gTB. 5'

z+l .ø3'o
2 441 .L6'
1 zlo.5o'

66. 6'

g47. 7 '
g¿e.ro'

1 7BB. 4'

584. 6'

2 520. 55'

1 ogo.5o'
3 roo.loo'
3 4oo .2oo'

References

Canty and Connor (7967)
Mr (I964)
NDS (82-4)

tl

Mr (r964)
1l

tl

NDS (82-4)
Mr (1964)

ll

tl

1t

ll

il

il-

|l

t¡

Naumann and Hopke (1967)

Mr (1964)
tl

(Calculated, p. 101 )

Mr (1964)

Shima (I966)
Mr (1964)

Monnand and Moussa (1968)

Martin (1967)
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lrt
rn

2n - (37 ct 35n)

't(
o"g3l 479-t

^11 oo8 665.2""'
^/20 28L"!v',)

keV

/ru

¡u
/ru
keV

keV

keV

&8"= booz6o1,"10'l+

z zz4" 50"r

6 z5T "40" 
1

g ¿lg1, g0"2

factor ls taken from Cohen and

values are fron the Mass Table

srr(2R) =
?

sn('u )

srrr{ 3n 
)

The nass - energy conversl.on

D¡Mond (1963) ana Èhe other

( 196,+ ) .

Closgl L.,oqps

SLx closed. l-oops lnvolvlng the new measurements

arrd other data can be forrued. ln Flgure 24" In the flrst three

of these the chlorlne mass d.lfference cancels out and. hence

coàtrlbutes no error. Tn the fourth and. flfth loops the

mass of the neutron also cancels" These flves loops are s

A+c-D-F-C
D+d-E-g

A+B-E-g-F-C= 3,05"'fu
= -J, j7 "L ¡tu

= -2u87'6 Fu
828+s+n'29-R = i,L4"u¡*

-820+1 I{+Q+R28-N-L = 7.84''¡ro
the slxth loop d.oes lnvolve sone of the d.ata tabuLated. ln
ühe last sectlon¡

B + z(3?ct 35n) - E - ,/- ¡1BJ [4n" - t/(. B5] = 1,'' fo
these results provld-e strong evld.ence for the

accuracy both of the measurenents mad.e ln'our laboraüory and
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at McMastero and. of the varlous reactlon Q, values rEhlch are

lnvolved." ft 1s a very saülsfylng state of affalrs"
6

Calculatlon of Sone DecaL_Þrsäg_l.es

Several toüal d.ecay energles ean be calculated. from

the d.aüa represented. ln Flgure 24" As ln the previous sectlon

the chlorlne mass d.lfference and. ühe mass of the neutron often

enter but caneel out ln the acüual calcul_aüion, The flrst de-

cay consld.ered. here ls the alpha d.ecay ot l56ny (¿to). The
1rl 

^Mass Tabl-e (l-964) glves e¿= ]-þ3}"LIvo keV"

eo,(156ny¡ = r + J + K + 1 -M - p - 0 + zû7cr*35q)
IJ'Ee

= 1 ?t+? "6' kev

The alpha d.ecay or 152c¿ (Aj) ean also be d.ete:rolned.

from mass spectroscoplc measurements" The Ïrlass TabLe (t964')

glves Qo¿= 2 236,9' kev
,-, Ã52ça) =G+r T-ï+ zp7ca-3sct) -4""wo¿\

. =zzoL,LJ.' kev

The alpha d.ecay or 148sr can also be calcul-ated..

The Mass Tabl-e (]ig6t+) glves 2 001:' kev and i{acd.ougalt- (W66)
glves a calculated. value of 1 965.8' keV for thls d.ecay,

- .llrn .1? ?4 lL
Qo(*'"sn) = A * c - D + 2('' cl-"cl) .'He

= 1 97?,6" kev

Accord.lng to the Mass Table (Lg64) tfre electron
capture d.ecay of 151c¿ t "" e - 400.1000" kev.

A nuch better value can be calculated. here

Qsc(r5lc¿) = A4 * 4u" - r - LÍ - zê?cr*35æ)

= I+g3,3I ruv
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The energy avallable for the negatron decay of
r53sn ßrz) rs well lmorrn (Mass Table¡ 801.5" kevu Nuclear Data

Sheets (Nov" '63), 8Q4,5' keV)u Ar1 lnd.epend.ent value ean be

obtalned. here by uslng three mass d.oublets and. two reactlon Q

vs,fueso

eo{153sr) = -RIB + h - R? - H - J + z }n - PTcL-3sq)

= BoL"15' kev

The Mass Tab1e (1964) and the NucJ-ear Data Sheets

(Aprl1 1964) glve 1810" 20' keV for the negatron d.ecay of 160Tb

(821). .An lmproved. vaLue ls avallabIe hereo
16orb) - *Bz1 - tN - (q + R28 )lAp ( -- -fb ) = -n.2- 

tt

= 1?88"*" keV

The energy obtalned. above for ühe negatron d.ecay

reporËed.

the fo:m

d.ecay of thls nucLld.e,

keV for thls quantlty"

A-2x37c1 
= Am" slnce the chlorlne mass

mass of the neutron are well known, such

glve d.ouble neutron separatlon energles.

d.lfference and. the

d.oubl-ets d.lreetly

of l-60Îb can be comblned. wLth doublet M to calculate the energy

avaXlabLe for the eLecüron capture

The }Íass Table (]1964) glves 29"28"

Qsc(1606¡ - 821 - M

= 6!o4' kev

CalcJlatlon of Double Neu-tron Separatlon E:rer&lgs

The naJorlty of the mass spectrometrlc d.oublets

here together wlth the McMaster work (TabLe 6) are of
Ax 35"t -

szrr= ?n- (A+2x-&)

= ht - e? n-35c1 ) - ¡rn ( 6-L )

Double neuüron separatlon energles are record.ed. 1n

Tabl-e L0. hlhere mass d.oubl-ets are avallable the hn values
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TABLE 10

DOUBLE NEUTRON SEPARATION ENERGTES (kev)

S, (New) M-I-New

6ONd 143

]-44

145

L46

J.47

148

rls .

Is0
151

L52

6tPm I44
L45

l-46
L47

L48
r49
150

151

62Sm J-44

145

L46

L47

148

L49

150

15 936. 9' 
NDS

13 g47. 3.

13 57s. 4'

13 319.9 1.1

L2 853. 5-

t2 631. 4-

L2 399. 11-

12 428. 4 '
L2 670. 20 -

L2 607. 30.

16 390 .110 ' NDS

14 518. 15- 
',

14 207. 48' ,,

13 go2.4 3-6 
"

13 sB7.25' r'

13 r73. 4 '

L2 896. 60.

13 468. 10.

19 o4o. L2o ' NDS

L7 37g.36' ,,

15 163. 25.

L4 783. 9. 
NDS

L4 4g8. 25 -

L4 019. 3'

13 861. 4 '

Reacti.on-New

3.19' Rr,R3
L6 .20' R2 , R3

2.r9' R6 , RB

g .24 ' R1o , Rr1
o .L7' R6 , R9

]:5.25 ' Rlo,Rt2
7 .29' Rl4

83

B4

85

B6

B7

B8

B9

90

91

92

B3

84

85

86

87

88

89

90

82

83

B4

85

B6

B7

8B

27. 24-

t7. 7'

6. 9-

ls. 5.

^ 16.4.

:t2. 8'

26. 26'
q

54.
70.r20 .

33.

10. L4.

42. 56 '

31. 10 '

46.I20 .

3. 27 -

159 .116 .

46. 42 -

12. 20 '

31. 43.

31. 8'

9.

151 89 13 588. 7"
3.22 .
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l'52
153

!54
155

156

. -Etr t.46
OJ

l-47

148

r49
150

151

L52

153

L54

155
. 156

Ls7

-,Gd L49
or+

150

151

l52
153

]-54

155

156

1,57

158
' 159

160

161

13 865. 4 '

L4 134. 7 '
13 846. 4'

13 7g5. 17 '
13 038. 25-

L7

15

T5

TABLE 10

srn (New)

( continued)
. MI.-New Re.action-New

7 .29' R15

3.29' R16

32. 10.

25. 26.

56. 10 -

72. 33 '
43. 52 -

90

91

92

93

94

B3

84

85

.86
B7

BB

B9

90

91

92

93

94

B5

B6

87

88

89

90

91

92

93

94

95

96

97

15

15

15

15

15

15

15

t4
T4

L4

13

13

13

L4 7L4. 35'

14 256. 19 '

14 859.. 4'

74 g7o. 20 '

L4 5s6. 8'

L4 507. 17 '

13 875. 50 '

693. 36' 
NDs

736.24' ,l

2g7. 35' ,l 47 . 95 '

44. 85 '

32. 38 '

25. 23-

4r. 38.

^F 27.¿J.

7.3s.
25.100.

45. 50.

66. 49 '

62. 20.

5s. 33.

7. 
' 8.

24. 8-

27. 6.

52. 34'

10. 10.

926. 43'

629. 29 '
228. 33.

101. 29 '

og4. 35 '

148.3 2 'L
LTl. 14'
g75 .7 L'5

898. 3'

303.9 r'4

909. 7 '
3g7. 3'

o2o. 70 ' Mr
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TABLE 10

S, (New)

L4 g22. 6 '

14 s74. 11'

L4 084. 6'

13 g2o.55'
13 377.50'
13 050 .2L0 '

L6 523. 56 '

16 4go . 60 ' r4T

16 284. 58'

16

I5
15

15

I4

ozL.g 3'4

e?4. 28'

4:.6.r 2 '4
055. 20 '

652 .2 1' I

L4 472 .g L'2

13 931.1 1'0

(continued)

MT-New

46.34-
3. 39.

10 . 31.

tt.100 :

246 .228.

362.L73'

25. 32 -

L7. 52"

o. 9'

16. 6'

2t. 8'

75. 16 '

81. 66 '

Reaction-New

L2.r7'

13. t6 .

, 15.

3.11.
6.7'

10. 5'

3. 7 '

2. 8.

6. B'

7.5'
2. 7'

10. 7'

R22 ÌR23

P.24 tP.25

P.26 tR27
R26 ,R2I
R2 8, R33

R28,R34
R33, R29

R33, R31

R33 , R32

R34,R29

R34 , R31

R34 , R32

-_Tb 159b5
160

161

l-62

163

L64

..Dy 15 3oo
154

ls5
156

L57

158

159

160

161
' L62

163

164

165

166

13 367. 5'

L2 864. 33"

94

95

96

97

98

99

B7

BB

,89
90

9T

92

93

94

95

96

97

9B

99

100
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are ealculated. d.lrect1y accordlng to the above equatlon. The

reglon from A = I42 to L4B was recently eovered. by the Nuclear

Data sheets (NDst BZ-L, B2-1*, 196? ) an¿¡ âs lndleated., nany of
the S2r. values are taken d.lrectly fron thls sourcee

Several of ühe values ln Table 10 have been cal-cuLaüed.

from varlous comblnatlons of ühe data lnd.lcated. in Flgure Zl+"

rn the case of overd"eteimlned. values the one havlng the

smal-Lest posslble error v,¡as usual-1y selected. wh1Ie, when poss5.b1e,

tenperlng thls cholce ¡¡lth ühe rel1abll1ty of the lnput data.

The best neühod. of caJ-culating the posltlons of the

nuclld.es ln Flgure 24 lnvolves a least squaïes analysls as was

performed. for the Mass Table (1964) " Such an ad.Justment requlres
consld.erabLe tlne and. lnslght ln ord-er properly to evalu-ate the

reLlablllty of the lnput d,ata, not to mentlon the rather
el-aþoraüe eomputer progra¡n requlred. to perforu the ad.Jusüment.

Ïn splte of these precautlons and. work, such ad.Justments ca¡r

contaln slgrrlflcant errors over large reglons d.ue to the presence

of a few emoneous lnput values" a case ln polnt ls t]ne 196I
Mass labl-e whlch contalns t}:.e 1963 work of Ðenlrkhonov .çå_a!.
(Table 5) artd. some of the early McMaster work ln the rare earth
reglon (Barber _9t -g1.. , l.964),

Thus although the proced.ure used. here 1s consl¿erably
slnpler than a leasü squares ad.Justment, lt should. be relaü1ve1y
free of errors whlch propagaüe over a large reglon" Also,
consid.erlng the quaJ.lty of much of the lnput d.ata, the values
glven 1n Table 10 represent a naJor lmprovement over t]ne ]r96t+

Mass TabLe,
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The column labeled. "MT - NElt" ln Table 10 ls a

comparlson wlth tlne 1964 Mass Table values. The agreement ls
qulte poor ln several lnstances. the absence of a comparlson

slnp1y means that the Mass Table value eLther has a stated. emor

greater than 300"keV or was used. ln the preceed.lng column

(fn two lnstances)" The last column 1s a comparlson of recent

reactlon d.ata wlth S5 values calculated. d.lrectl-y from elther

thls nork or the latest Mcllaster worko The agreement ls êx-

ceIlenü"

Although 1t ls not practlcable Eo glve here the de-

tall-s of all the ca]-culatlons used. to arrlve at the values 1n

Table 10, the calcuLatlon of 52 for 156ou ," outl-1ned. below

as an exarnple. Thls value Ls of partlcular lnterest slnce lt
occurs at N = !0 and. the value obtalned. ls about 250,keV l-ower

th"+ the Mass Table vaIue,

ror 156oy can be calculated. from that or 148so

arrd. four alpha d.ecays (see Flgure 241, S5 fo" 148sr 1,

avalIable from three sources !

(1) Nuclear Data Sheets (I¡}-t+, Deeo '6?). Thls vaLue when

a.d.ded. to the NDS value fo" 1&6s^ t" 42" kev hlgher ühan

that calculated. frorn our d-oublet F. Thls d.lscrepancy

lras traced. to the fallure of the compllers to recognlze

an lncorrect McMaster value for the doublet 1&s^ - 14&*u

¡vhlch ls 37, keV hlgher than our d.oublet C. (The compllers

d.1d. recognlze thls bad. vaLue ln a¡r earller lssue

(82-L, JuJ-y '67)1. Hence the Nuclear Data sheeü value
for s2, or 148s* ls d.ub1ous"
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(11) Mass Tab1e (tg64)" the srm of S2r, q148g1o) and. Szn
tl46 

'(- -$tr) rs ln reasonabLe agreement wlth our value F;
¡ l./

howeverc the value for r*osm d.lffers by nearly 50. kev

from that calculated. from the (trp) reactlon Rl_3,

Thls d.lscrepancy conblned. wlth the presenee of several
bad. mass d.oublets ln the input of the Mass Table (as

mentloned. above ) rulea out uslng the Dlass Table value

for s2r, (1þ8sr)"

(rrr) our d.oublet F and. the reacÈlon RL3 also glve a value

for s* (148sr)" thls value was selected. for Table 10u

The pertlnent aLpha decays are A3, A9, A5 and. A10

(see TabLe B). A3 ts reasonably well lorom but A9 ls uneertaln
bY 50"keV; however¡ flo other values are avallable, Values for
a5 a^nd 410 were cal-culated. tn the prevlous sectl_on, Thus

1 <Á,
s¿rrf 

*'"Ðy) can be calculated." Note that anong the lnput d.ata

are nlne Manltoba d.oubLets, two McMasüer d.oublets and. a (trp)
reactlon.

Calculatlon of Slngle Neutron Separatlon &rergles and Neutron

Palrlng Elrergles

The blnd.lng energy of the last neutron rn a nucLeus

ls d.eflned. as

sn=n- (o*lx-A*) (6-2)
s' va1-ues for the various nucIld.es from neod.plum to dysproslun
are llsted. 1n rabl-e 11. as i-n Table 10, several values are
taken d.lrectly from the J-p64 Mass Table or ühe 196? Nuclear
IE;þa Sheets' The remalnd.er have been calculaüed. from varlous
eomblnatlons of the d.ata 1nd.1cated. 1n Flgure zb rn a maïner
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TABLE 11

SÏNGLE NEUTRON SEPARA,TION ENERGTES

Sr, (New) MI-New

60Nd L42

143

L44
L4s
r46
L47

148

L49

150

151

l-52

6lPm 143
' L44

14s

L46

L47

148

L49

150

151

62Sm I43
r44
t45
l-46

L47

14B

9 Bo9. 9' 
NDS

6 Lzl .4 2'o 
"

7 gr7.2 1'8 
']r

5 760.4 1'9 r,

7 559.5 2'2

s 2g3 .2 4'ouos

7 333.7 4'8 rr

5 067. L2'

7 36L. 13'

5 309. 15 '

7 2g8. 34'

g 87o.1oo'NDS
6 52g. 45. "

7 ggo. 43' "

6 2Lg. 23' "

7 684. 23' "

5 go4. 11. rr

7 268. 11'

5 628. 60.

7 B50. 6o'*,

8 430 .130'Nos
ro 616. 36' r'

6 763. 11" 
"

I 411. 19 ' ,l

6 354. 26 '
I 144.0 4'B¡¡os

5 874. 4'

o. 23-

27. 9-

13. B'

16. 8.

1. 8'
- 16.
f,.

^ L7.

^F 24.¿)-
29. 24'

to t. 115 '

44.48'
46.

30.

13. 32 '

43. 32-

8. 120.

156 .116 '

0. 2L-

35. 39.

29. 44'

2.10'

28. 9 '

(kev)

Reaction.-New

o .17' Rl
o. 7' 

R3

ta.r7 ' sz

1.15' RB

3.20' Rlr
t.16' ne

7 .L9' RIo

B2

B3

B4

B5

B6

B7

BB

B9

90

91

92

B2

83

84

85

86

B7

88

89

90

B1

B2

83

B4

85

86

87L49
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TABLE 11

Sr, (New)

7 986.8 1'0

5 601. 7'

B 264. 8'

5 870 . L2'

7 976. 13'

5 819. 11'*

7 262. 26 ' 
'!l

to 42r. 38'xos

7 z5g. 29' 
"

g 476.22' ,,

6 Blo. 32' I'

7 g25. 19 '

6 331. 9'

8 528. 10'

6 Ars.g 1'0

B 180. 8'

G 328. tr7'ont

7 s2o. 50 ' rr

g ,ozo. 2L 'NDS

6 906. 38 '

B 723. 24 '

6 505. 4L'

8 614 . 32'

G 4Bo. 13'*t
B 668. 13'

6 44g. s'
B 527. 5'¡47

6 369.g L'7

7 g34.0 1'0

( continued)

l4T'-New

.r.

Reactíon-New

2.5' R9

8.16 ' R12
62Sm 150

151

Ls2
153

ts4
15s

156

-.Eu I45
OJ

L46

].47

14B

L49

150

151

L52

153

L54

15s

156

L57

. ^Gd 148
O ':l

L49

150

151

1,52

153

L54
155

Is6
L57

158

BB

89

90

91

92

93

94

B2

B3

B4

85

86

87

88

B9

90

9I
92

93

94

84

85

86

B7

8B

B9

90

91

92

93

94

5.

8.22-
40. 24-

16. 22 -

72. 25'

111. 89 '

8. 42-

40. 2s -

16. 22.

31. 2L'
. l-9.o.

18 B.¿14.

^ L74.

.^ 33.o¿.
7. L4-

23. 7-

5. 5'
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TABLE 11 (continued)

Z A N Sr, (New) MI-New Reaction-New

64cd 1s9 95 s s7s. 7 ' 56. 34.

160 96 7 422 46. 36.

16r 97 5 650. 7o'*

6 769.13' 22. 40'

g 153. 11' 24. 36'

6 420.6 1'o 2L. 19 '

7 663. 6' 11. 28'

6 257. 55 '

7 L2o. 74'

f a 230 .130 '

Ls e30.22o '

6sTb 158 93

159 94

160 95

161 96

L62 97

163 98

L64 99

eODy L52 86 g 442. 35 "

1s3 87 7oB1 .44' 4g.L94-
ts4 BB s 4os . 75 ' 39 .235.
155 89

156 90

152 91 6 s73. 10'

l5B 92 9 06r. ro'
r59 93 6 833 . 10 ' tB. 44.

160 94 8 s96. 10 ' 6. 40.

161 95 6 4ss.4 3 '2 11. ls. s.13 . R26
:.62 96 B 192.8 3'o 11. 12- 7.L3- R27

163 97 6 zBo.L 3'2 27. 11. 6. 8. R33

ro. 6 ' R34

L64 98 7 65L.L 3'4 6. 8' 3. 6 - R29

B. 8' R31

o. 8' 
R32

165 gg 5 7L6. 3' g1. 13.

L66 loo 7 148. 33' Mr
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slmllar to that descrlbed. 1n the prevlous sectlon for d.ouble

neutron separatlon energles. I{any values can be calculated.

d.lrectly from (drp), (d,t) an¿ (nuS) reactlon Q, valueso

As ln Table 10 Mass Table vaLues wlth posslble erro?s

ln excess of J00. kev are not consld.ered. ln the "MT - NEI^I"

coLumn. rn several cases the agreement wlth the Mass Table

ls poori however, where comparlsons are avalJ-ableu the agree-

ment vrlth other reactlon d.ata ls very good."
't Ált.

Tv¡o val-ues are record.ed. for Sr, (*-'f¡), Among the

lnput data,for thls cal-culatIon 1s the d.ecay energy for ûkr1s

nuclld.e (825, Table 9 ) " Although the measurement by Monnand.

a¡d. Moussa has a snaller posslble error, reguLarltles amongst

the Sr, values (see Chapter ?) suggest that Martlnus value ls
more accurate" Thus the latter value was used. ln evaluatlng
- :- 164^ \ - 16aboüh 52, (-"-Tb) an¿ the neuüron palrlng energy of t'rTb.

Neutron palrlng energy, as the te¡rl 1np1les, refers
to the extra blnd.lng that results from the conpletlon of a

neutron palr, one d.eflnlü1on that has been used. (Johnson and.

Nler, 1957), (Benson and- Johnson, 1966 ) (MacAougall , 1966)
(ìùhlneray, t966) rs

Pr, (Z,N) = S'(Z,N) S'(Z,N-1)

(N even)

Howeveru ühls d.eflni.tlon does not taJre ln
varlaflon of S' wlth N for a glven elemen

A d.eflnlülon whlch, to a good. a

for thls varlatlon has been glven by N1Is

Pn(z,N) = (-1)N å {r" (z,N) - å [s,r(z,w+r)

to account the

üo

pproxlnatlon,

son and. Prlor
ì+ sr.(z,N-1) ll,
J

(6'sl

allows

(1961).

(6-4)
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They call Pr, ühe "od-d - even mass d.lfferenee paralneter"o

The factor of I/2 effectlvely changes P' to the palrlng energy

per neutrono Also thls d.eflnltlon ls not resËrlcted. to everl N.

In the case of od"d. Nu Po can be lnterpreted. as a "mlsslng',

paLrlng energy per neutrorrn Pr. w111 be further d.lseussed. ln
the next chapter where lts varlatlon wlth neutron nunber ls
examlned,

Equatlon (6-l+) has been used. wlth the d.ata of
Table 11 to calcul-ate the values 1n Tab1e l.2"
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TABLE L2

NEUTRON PAIRTNG ENERGTES

Pr, (kev)

6oNd

6tPm

62s*

744

L45

r46
J.47

148

L49

150

ls1

L45

L46

L47

L48

l-49

150

t46
t47
148

L49

Is0
151

t52
153

154

155

B4

85

B6

87

8B

B9

90

91

B4

B5

86

87

BB

89

84

B5

86

87

88

89

90

91

92

93

1

1

I
1

I
1

gsø . tr'2
gaa. or'2
o 16 . qr'6
07 6 .12'4
077 . 4.

r4o. 7 -

oB7. B.

oto. 12'

aog.25 "

gog.17'
gtz. 13'

786. 9'

l st.L6 '
g6s.34'

gzl .r2'
gø2.L4'

ors. 7 '

096. 3 '

L25. 2'

262. 4'

26s. 6'

r25" 7 '
066. B '
goo. lo'

I
I
I
1

1

1

1
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TABLE 12 (continued)

PNÀz
,r, ,(k,e!)

64Gd

63Et r47
L52

153

r54
155

156

L49

1s0

151

rs2
153

154

1s5

1s6

L57

158

159

160

ls9
160

161

L62

163

B4

89

90

91

92

93

85

86

B7

88

B9

90

91

92

93

94

95

96

94

95

96

97

98

l zt.16 '
g4g. 7 '

r 077.6'
969. 3 '
go4. 6'

zot. 15'

geg.21'

1 oog .22'
1 ogz.23'
I oot. 2o'

1 ogt.11'
r Lo2. B'

1 o7s. s'

I 059. 3'

930. 2'

BBr. 2'

asz. 4'

eos. 18'

77g. 7 '
744. 3'

aaz.l4'
soe.33'
sl¡. 7o '

- _Tbb3
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TABLE L2 (continued)

Pr, (kev)

oeDY 153

158

159

160

161

L62

163

L64

165

B7

92

93

94

95

96

97

9B

99

I 173.30'
1 07s.6'

998. 6.

g75. 6'

968. 3'

911. 6 
1' 9

820 .92'0
826.52'L
841. 9 '
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NEUTRoN SEJA&ITION ENEBGï SYSTEMATICS

fntrod.ucü1on

A stud.y of the varlatlon of neutron separatlon

energles wlth neutron nlilnber ls a convenient and. sensltlve

nethod. for lnvestlgatlng nuclear shell and. subshell effects

and colLectlve nucleon behavlor. (Johnson and Nler, 1957)

(Barber É*.u t963a) (Barber g!-gþ, l.g63b) (Btshop et al, ,

L963) (ltctatchle gl@g, Lg64a) (Barber et al" , I96t+) (Benson

a¡rd. Johnsone 1966)" Although nuclel near N = p0 have been

prevlously examlned. ln thls fashlon, the data presented 1n

Qhapter 6 provlde the most accurate and- d.eta11ed- plcture of
thls reglon yet avallable.

Ðouble Neutron Separatlon Ðrergles

The data presented ln Table 10 are plotted ln
Flgure 25, The l1nes connect nuclld.es of constant Zo A1-

though odd N polnts 1le close üo the correspondlng curves,

the restrlcülon to even N removes fluctuatlons d.ue to the

d.lfferent nature of od.d N nuc1el. For such nucIel the two

neutrons concerned. are not palred., although S2¡1 ls the energy

requlred. to remove two neutrons a¡rd to break a neutron pa1r"

fn the absence of sheIl, subshell, and coLlecülve

effects, double neutron separatlon energy curves, for varlous

elements dlspray a remarkable regularlty (Barber g!_3ll rg63b)
(Btshop et al. , 1963). The curves dlsplay negatlve slopes ,

are nearLy stralght, a¡rd are vlrtually parallel from one



FIGUBE 25

Double Neutron Separatlon Ereergles (even N)
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element to the next. The negatlve slope ls d.ue chlefly to
the lncreaslng neutron excess, an effect.whlch forms the basls

for the asyumetry tem 1n the semlemplrf-eal mass fottula'
Thls tem also a.ccounts for the lncrease of 52¡ as Z lncreases

for constant N,

he curves ln Flgure 25 d.lspl-ay the features dls-

cussed. above; however, ln the reglon from N = BB to N = 92

there ls a strlklng change correspond.lng to the onset of

nuclear d.efortatlono The appearance of collectlve motlon of

certaln of the nucLeons lnplles the exlstence of an ad.d.ltlonal

bond. between these parülc1es, 1n agreement wlth the upward.

break dlsplayed. here. Several features ln Flgure 25 are worËh

speeLal eommento

(1) The curves d.emonstrate the sud.d.enness wlth whlch

nuclear d.efortaatton occurs aa N exceed.s BB'

(11) The curves suggest that nuclear d.eforrnatlon assocLated.

¡r1üh neutrons d.oes not lncrease appreclably beyond.

¡=!2.
(rrr ) Because szn curves are so regular ln the absence of

shell-, subshell and col-lectlve effects, the extra-

polatlon of the "notmal" curves 1n Flgure 2J beyond'

N = BB provld.es a nethod. of estlnatlng the energy

of d.efo:matlon and of pred.lctlng the locaü1on of

posslble Iow-lytng spherical exclted. states at N = 90

(T,lhlneray, ]-966) (tlcl,atchle , 1966),

(1v) The d.efomatlon varles wlth Z, belng least for
dysproslu!û and. rather I-arge for gadollnlun and

samarlum. For neod.¡mlum the onset of d.efomatlon ls
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less rapld., however, the polnt at N = t2 suggests

fhat thls element also und.ergoes a large dlsüor'olon,

Although d.ata are less p1entlfu1 for the odd Z nuclel,
the curves for promethlum and. europlum suggest that
these nuclel may have the largest deforuatlons"

A few years ago technlques d.eveloped. ln the BCS

theory of supereonductlvlty were appl1ed. to the nucleus by

BeLyaev (l-959) anA Solovlev (L959) on the suggestlon of Bohr

et aI" (f959)" More recently thls theory has been applled. to

rare earth.nuclel (Kr.mar and. Baranger, l-968), In addltlon to
accountlng qualltatlveJ.y for certaln features of the exclted.

states of even-even nuclel and. of nuclear moments of lnertlao

Belyaevos theory lnd.lcates that the equl1lbr1un shape of a

nucleus ls d.eterulned. by a conpetltlon between tv¡o lnteraetlons

among the nucleons r a palrLng lnteractlon v¡h1eh favors

spherlclty, and. a quad.rupole lnteractlon whlch tend.s to pro-

d.uce d.lstortlon. When the latter lnteractlon emerges ås the

d.omlna^nt one, Belyaev pred.lcts that the transltlon from

spherlcal to d.efo:med. nuclel ls rather sharp. Thls ls con-

elstent wlth (1) above. The large d.efomatlon lnd.lcated. for
odd. Z nuclel (fv) ls aLso ln accord. wlth ühls theory slnce

these nuclel lack the stablllzlng lnfLuence of an even number

of protonso

SlngLe Neutron Separatlc4 Rrer&Leg

The d.ata presented. ln lable lL are pLotted.

Flgure 26, The l1nes connect nuclldes of constant Z

even or od.d N.

1n

for el.ther
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Slngle Neutron Separatlon Energles
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As ln the 52, case, the curves are qulte regular
up to N = BB, wh1le frou N = 88 to N = gZ there ls strong

evLd.ence for a rapld. lncrease ln nucrear d.lstortlon" Ae;aln

fhls effect ls least for d.ysproslum ar¡d ls sürongest anong the
oö.d- Z elements lnd.lcatlng that nuclel containing an od.d. number

of proüons d.efo¡n more read.lly than thelr €v@rr-€v€n nelghbourso

The stablll zlng effect of an even number of slnllar
nucleons ls also apparent Ln the case of neutrons lf the everÌ

N curves are eompared. wLth the od.d. N eurves" The fonner re-
Ëurn more rapldly tonrards the extrapolated. curves for spherl-
eal nuclel than d.o the odd. N curves" Ad.d.ltlona1 evld.ence for
thls even-od.d. neutron effect 1s found. ln electrlc quad.ru.pore

noment d.ata (Myers and. Swlateckl, ]-966) " fn the rare earth
reglon there ls a d.lstlnct tend.ency for od.d. N lsotopes üo have

larger quad.rupole moments than thelr even N nelghboursu whlch

suggesfs that od.d. N nuclel are often more d.efomed. than ad_-

Jacent even N nucIel.

Another lnterestlng feature of the s¿ curves ls the
tend.ency of the odd. z polnts to11ê near nelghbourlng even z

polnts' rn the case of the od.d. N curves, those of od.d. z are
d.lsp]-aced. upward. lndlcatlng an lncreased. blnd.lng of the od.d.

neuüron 1n the presence of the od.d. proton, For the even N

curves the d.lsplacemenü ls ln the opposlüe sense whlch suggests

that the even neutron ls less tlghtly bound. ln the presence of
the odd. proton. Thls grouplng trend. d.lnlnlshes near N = !0
where nuclear d.efomatlon ls belng esüabllshed.. Thls effect
has al-so been noted. by Benson and. Johnson (1966) rn the reglon

76 < N < 90" They attrlbute lt to an od.d. proton-neutron

lnteractlon. (Saxenau ]-96]-)
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, the two values plotted. for terblum at N = pp were

d-lscussed. ln ühe last sectlon of chapter 6" The regularltles
exhlblted by the Sr. curves strongly suggest that the larger
of the two ls ln error.

Neutrqn Palrl,ng Ðr.ergles

The daËa presented. 1n Table 12 are plotted. ln
Flgure 27 for even Z onLy. [he llnes connect nuclld.es of

constant Z for elther even or od.d N, As lnd.lcated. the od.d. N

polnts have been d.lsplaced. d.ownward. by 0, J MeV for cIarlty,
The Pp values for od.d. Z nucl-eL are about 0,2 MeV lower than

fhose for even Z due to the od.d. proton-neutron lnteractlon
mentloned. above¡ however, slnce these d.ata are not plentlful
Pn has been plotted. for even Z nuclel on1y"

As d.eflned. ln equatlon (6-U) each pn(zrN) value re-
presents one half of the vertlcal d.lstance.beËween the appro-

prlate even N and. od.d. N s¡¡ curves of Flgure 26. Nllsson and.

Prlor (1961), who lntrod.uced thls d.eflnlËlon, note that the

fluctuatlons of the P' versus N curves are s¡aaller than those

of curves based. on the slmpler d.eflnltlon glven ln equatlon (6-j)"
Thls more regular behavlor ls evld.ent here lf one compares the

êvêR-êven curves wlth those plotted. by Macd.ougall (t966),

The chlef feature of ühe P' curves Ls the peak at
N = 8p and- p0. Nllsson and. Prlor also found. thls feature; how-

ever, the d.ata used. here are much more accurate than ühose

avallable ln 196L. The large lncrease ln palrlng energy near

5 = p0 1s ln accord. wlth the evld.ence d.lsplayed. by the sn and

S2r, cürves for nuclear d.eforuatlon 1n thls reglon.
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FIGURE 27

Neutron Palrlng hergles (even Z)

(Od.d. N polnts have been d.ecreased.

by 300 keV for clarlty" )

Note: Estlmated. uncertalntles of + 20 keV were orlglr:.alIy
asslgned. to reacülons P.22 to R27 lncluslvei however, ln a

recent communlcatlon Bennett glves t 10 keV for these reactlonso

Because of thls change the error bars shown 1n Flgure ZZ for
Ðy aü N = p2, 93, 94 and. 95 should. be red.uced. by about SO%"

(AJ.ttrough these changes !'rere recelved. too late to be lnclud.ed.

ln Flgure 2? u they have been lncl-ud.ed. ln Tables 7 o 10, 1I and.

].'2),
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swuABY

A hlgh preclslon voltage supply and. potentloneter

clrcult has been constructed. to supply and. measure the voltage

ratlo requlred. by the new Manltoba second ord.er mass spectro-

meteru The poËentlometer 1s capabLe of maüchlng a spectro-

meter preclslon of at leasü one part 1n one bllllon for
mass d.oublets as w1d.e as one part tn 5'000, and. may d.o nearly

as well- for d.oublets as u¡ld.e as one part ln l-00. To d.ate

the preclslon of the spectrometer has been somewhat lower

wlth the result that the potenti.oneter has contrlbuted.

negl-19;1b1e uncertalnty to the mass measurements reported.

here"

The new second. ord.er spectrometer has been con-

plebecl and. used to measure some twenty close d.oublets anong

the rare earths between Z = 60 and. Z = 66u Togeüher wlth

twelve FicMaster measurements these data provld.e for the fLrst
tlne connecülons accurate to a few keV between all of the

stabLe lsotopes ln ühls reglon, The mass measureqents are

lnüernally conslstent, agree well- wlth all avallable preclse

exüe:rral d.aüa, and. permlt the calculatlon of some d.ecay

energles wlth lnproved. preclslon.

The new measurements have been conblned- wlth other

d.aüa ln ord.er to calculate neutron separatlon and. palrlng

energleso The neutron separatlon energy sysüematlcs oorl-

flrn 1n greater d.etalI the well establlshed- onset of nucLear

d.efo:r¡oatlon near ¡¡ = !0 but !-ndLeaf--e that. Èhe effeet 1s not

as strong 1n the case of d.ysproslun as for the other elements

ln thls reglon,
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