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A STUDY OF THE ISOTOPES OF PROMETHIUM

Vera KistiakowskyFischer
Radiation Laboratory and Department of Chemistry

University of California,Berkeley,California

ABSTRACT

BOliliardments of isotopically enriched neodymium samples have been

performed 1dth 8.9 Mev protons from the 60-inch cyclotron of the Crocker

Radiation Laboratory and with protons at higher energies from the linear

accelerator of the Radiation Laboratory of the University of California.

Praseodymium has been bombarded at various energies with alpha particles

from the 6O-inch cyclotron. The half-lives and radiation characteristics

of the promethium isotopes produced from these bombardments have been

measured. The isotopes were identified chemically and their mass allo-

cations were determined on the basis of their relative yields.

Nuclear shell theory was applied to explain ambi8Uities and to

estimate the decay characteristics of unobserved promethitun isotopes.

Indirect confirmation of the theory was obtained in the coherence of

the results.

The follo,dng nuclides were characterized for the first time:

Pm141, pm146, and Pm150. In addition, work on promethium isotopes

previously described gave results indicating errors in the assig~ments

of pm143 and pm144 and in the half-lifeof pm149. The previous charac-

terizationsof Fm146, pm147, and Pm148 were checked. A 42 day negatron

emittingnuclide \vas observed to be an isomerof either pmlLt-7or pm148.

Limits were set on the half-life of pm142.
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A STUDY OF THE ISOTOPES OF PRO~1ETHIUH

Vera Kistiakowsky Fischer

Radiation Laboratory and Department of Chemistry

University of California;! Berkeley, California

I. INTRODUCTION

Promethium is one of the fe1:felements l:Jhichis not found in nature,

and it is for thi s reason that a study of its radioactive properties has

unusual interest. A knowledge of the history of its discovery and of

the explanations offered for its instability are invaluable to further

attempts at clarifying the situation. Thus the first portion of this

paper will deal with these, as well as surmnarizing the results obtained

by previous experimenters.

A. History of Discovery

By 1925 the periodic table was complete except for the elements,

unobserved in na'sure} at atomic numbers 43, 61, 85, and 870 The con-

temporary experimental methods were not sufficiently developed to be

infallible and some investigators found what they thought were stable

isotopes fitting in these gapsol At least tvQce,discovery of element 61

was claimed and on these occasions the names illinium (11) and floren-

tium CFr) were proposed for it.2 Hore recent studies with vastly irn-

proved methods of rare earth separation, hmvever, indicate that these

early "discoveriesll were erroneous and that promethium does not have

natural occurrence.3

The discovery of electron capture removed the requ,irement of in-

stability greater than one electron mass for decay to a lower atomic

number. Thus Jensenl was enabled in 1938 to predict on the basis of

Mattauch's rule that elements 43 and 61 have no stable isotopes. This

becomes obvious for 61 on consideration of Table 1.

-8-



Table 1

Isotopes4 of Elements 60, 61~ and 62

Ele-
ment gO gl g2 g3 g4 85

Neutron Number

86 87 88 89 90 91 92 93 94.------.

60Nd 3.3 dK EC 2.42 hr stable
~+

stable stable stable stable
11 d
~-

stable 1.7 hr
~-

stable 12 min
~-

61Pm
285 d
EC

30 yr
EC

307 yr 503 d
~- ~-

47 hr
~-

2705 hr
~-

62Sm stable 150 d
EC stable stable stable stable 100~ yr stable 47 hr stable 25 min 10 hr

~ ~- ~-~-

--.-.--.--.- .-- -.--
"

i
'.QH



=10-

A mass calculation using a modification of the Weiszacker equation5

gives A = 146.1 as the most stable mass nQ8ber for Z = 61.

is an odd-odd isotope, either 61145 (N = 84) or 61147 (N

Since 61146

86) should

be the closest to stability; however, Table 1 shows that both of these

have neighboring stable isobars. ThuS;i either one of the naturally

occurring isotopes of samarium or neodymium actually decays with a half-

life greater than 3 x 109 years or the most stable isotopes of promethium

are not stable.

The discovery of element 61 did not comeJ therefore, \rith improved

methods of analysis alone')but rat"her lifiththe development of particle

accelerators and piles. The first activity attributed to 61 was produced

by Pool and Quil16 in 1937 from a Nd(d,n)61 reaction. This was a

12.5 hr beta decay which they thought to be 61144 but which has not been

assigned since. It 1~S not until 1941 that Wu and Segre7 and Kurbatov,

Pool, and co-workers8-10 separately produced activities by various types

of bombardments which resemble those recently proven to belong to 61.

In an article reporting some supposed activities of 61, Bothe, another

early investigator in this fieldJ noted:ll "In the region of the rare

earths, the previous knowledge of artificial radioactivity has been

sparser than in other parts of the periodic system') mainly because of

the difficulty of obtaining sufficiently ~lre samples and even less

those of well known (rare earth) composition 0 Ii

In April of 1946 the problem was solved at lastt Dr. Coryell

disclosed that a 307 yr beta emitter from thermal neutron uranium

fission had been chemically identified as an isotope of element 61.12

This was made possible by the recently developed separation procedure
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invol ving adsorption of a sat'llpleon the top of a colurnn of cation exchange

resin and subsequent elution (selective de-adsorption) with an ammonium

citrate-citric acid buffer solution. Preliminary work was done by Ballou,l3

Goldschmidt and Yforgan,14 and Seiler and 'Winsberg15 ~Nho found the activity

and proved it to be either praseodymium, neodymium or 61 Q Davies16

discovered the parent of the 307 yr isotope to be an 11 day rare earth

activity vtlich \vas confirmed by Burne and J.\1artens .17 The method of sepa-

ration of the rare earths by ion exchange was then successfully applied

to fission products by Marinsky, Glendenin, and Coryello18 They proved

that the ~ll day activity belongs to neodymium and that the 307 yr act~vity

belongs to its element 61 daughter, completing the official discovery

of the element0 The name promethium (Pm) (from the Greek God Prometheus,

the fire-giver) proposed by this group19 in 1947 was adopted by the

International Congress at Amsterdam in September, 1949ry

R. Explanations for Instabiltty

The recent proposal of nuclear shell structure by Haria Hayer20-22

and others, offered possibilities for an explanation of the absence of

promethium in nature. Many excellent articles have been \.vritten on this

subject, by Ballou~3 Perlman!}Seaborg, and Ghiorso?24 and Broniewski25

among others; but, for the sake of compactness, only the papers of

Kowarski 26 and Suess27 will be discussed since together they review the

probl em l.vell 0

Since all isotopes of promethium cluster around the closing of the

82 neutron shell, Kowarski26 considered the effect that the proximity

of the closed shell has on the normal pattern of stable isotopes with

odd Ao In general, thiQ pattern consiQts of series of stable isotopes
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differing from each other by a neutron-proton pair, since I = N-Z is

thus kept a constant as close as possible to the value of I which gives

maximum stability for the given values of A (Iruax. stab.)' I is greater

than Imax. stab. for the first members of Slch a group, corresponding to

a neutron excess, r~ile the reverse occurs for the last members. The

proton excess finally forces the addition of tvvo neutrons instead of an

n-p pair again making I greater than Imax. stab 0 and starting anew

series. Usual parity rules make no distinctions between the addition

of n-p, n-n, and p-p pairs.

This pattern is perturbed by low binding energy for neutrons to the

nucleus immediately after a closed shell. There p-p and even n-n pre-

dominate over n-p additions. The pattern of stable nuclei surrounding

promethium and the effect of the closing of the 82 neutron shell are

illustrated by Table 2.

Table 2

Stable Odd A Isotopes4Near Promethium- ' ' '- --- ----

23 56Ba135
P 141

59 r 60Nd143 52Sm147
.-.'-"-'--_.

Ba135 is the last re~~lar member of the I = 23 series and then a n-n step

gives 56Ba137 with I = 25. A n-p step follows giving 5fa139 with a

closed 82 neutron shell. The additionof a n-p pair is now no longer

equivalent to a n-n or p-p addition since the pairing-off energy of the

proton does not balance the very low binding energy for the first neutron

N

N-Z = I . 79
-- '-'----'--- - ------- ---'--

80 81 82 83 f5h 85 86 87 88-- ----- ----"-'---

25 56Ba137 La139 Nd11+5 Sm149 Eu151
57 60 62 63
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in the new shello Because a p-p sten is also favored over an n-n stepJ

the next stable odd A isotope is 59Pr141o However9 there is now a

proton excess and I is much smaller than Imaxo stab 0 The competition

of this effect prohibits another p-p addition, and thus a p-n and an

At 60Nd145 the effect of the antipathyn-n step follow in succession ,>

to open shell neutrons aga.in becomes dominant and therefore the next

0 , Ih7 '." '0';' ' ',' " , ". 0 . . 147

stable lsotope 1S 62Sm d1tfer1ng by a p~p pa1r, rather than 6IPm

differing by an n-po This is Kowarski~s explanation of why there are

no stable promethium isotopeso A similar si tuation occurs at technetium,

and a generalization followso I1If a nmv series of constant I begins

in the region of open=shell neutrons) then there is a tendency toward

the elimination of stable isotopes of odd Zon

Suess27 gave an explanation on slightly different grounds 0
At

the closing of the 50 and the 82 neutron shells there are discontinuities

in beta decay energy corresponding to the very large binding energies

of the closed shell nucleons 0 Furthermore, there is no longer an

equivalence beb,veen even-odd and odd-even nuclei 9 because the binding

energies of a pair of neutrons and a proton are less than those of a

pair of protons and a neutron. Thus for all N > 50 > Z and N > 82 the

b~ta decay energies for odd-even nuclei are higher than for even-odd.

Suess found that at the 82 neutron shell the binding energy for an un-

paired neutron is lowered by 200 Mev and that for a paired neutron;

by 1 0 3 Mev 0 The Bohr"':~iheelerparabola for an odd value of A gives w-ay

therefore at 82 neutrQns to two parabolas at higher energies. This

splits the line of maximum stability into two parts shifted different

amounts toward the configuration of the closed shell nucleus and a
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smaller nlli~er of open shell neutrons. Thus the most stable configuration

for A = 145 is Z = 62 (N = 85) rather th~n ZA = 61.3 (N = 85.7), while

for A = 147, ZA = 60.4 (N = 84.6). The effect is negligible, and the

most stable configuration is Z = 60 (N = 85). Hence, Pm145 and pm147~

the lIDSt stable isotopes of promethium, are not the most stable members

of their isobar series.

These explanations are both highly empirical, of rourse, and a

deeper understanding can follow only on a further knowledge of shell

structure in general and of promethium isotopes in particular.

c. Previous Work on Promethium Activities

Rather than discuss the many experiments on promethium activities

in detail, they are summarized in Tables 3 and 4. When necessary in

connection wi th the present experimental study, the material will be

amplified. These tables use the nQtation of Seaborg and perlman.4

One isotope Which the present bombardments were not designed to

produce will be mentioned here, however. This is pml5l 'tv-hichuntil

October 1951 was postulated to be the 12 min negatron emitting isotope

found on neutron irradiation of neodymium.28,29 Then Rutledge, Cork,

and Burson30"reported its assignment to Nd15l. They investigated with

a permanent magnet beta spectrometer the activities produced in a sample

of neodymium enrich ed in Nd150 and bombarded by neutrons in the Argonne

pile. The 12 min acti~~ty was fo~nd to consist of 1.93 Mev negatrons

and 85.4 and 117.1 kev gamma rays (as calculated from the energies of'

the electrons they ejected from a lead adsorber). Since these show

work function differences appropriate for promethium and since absorption

measurements showed promethium x-rays associated with the 12 min activity,
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the assigrunent tb .Nd15l follows. A 1.1 Mev negatron emitter with 27.5

hr half~life was also observed. The many gamma rays associated with it

(Table.3) were found to have samarium wo~k function differences and thus

it was assignedto the pm151 daughterof the 12 min activity (Table 3).



Ta.b1e 3

Certain ~d Probable Pranethium Isotopes :Reported in Literature
a.t Time Present Work Was Begun

~

148 ~ 43 ~= y

149
~44 ~=y 13=(?}18

x=ray

151 B30 ~_y29930

:Half-Life Enerrot of':Earticles

Energy of'
Electromagnetic

Radiation Produced 'by

285 ! :, d.31
>100 d8»9

'" 200 d.7'
350 dlOll32

1,,7 yr33

"'30 Yx'34
(calc)

'" 4 yx>13928.,36
'" 3" 715 9t8 935

2,,26 yi;15936938
(calc from fission

yield Sm147)

503 dl0918943

47 J:xr7911918j)28945947

49 1Jr46

50 br33
55 br44

2705 ht'30

°"7 Mev 13""(a'bs )( ?) 32
. Uo a. or ~= 31 .

00 74 Mev~ = (a.Ds)33

low energy34

"'0,,3 Mev (abs)28
229 .:t 1 key <SJ?ec)40
227 .:!: 1 ke'V (s:pec)39
223 t 1 lmV' {spec)41942

...002 Mev (abs F) 13=15 918

205 :Mev (a.DS) 18 943
2 Mev (a.DS) 10

1,,1 'Mev (ao5)111118928
0095 Me~ (a.Ds)? .

0.98 Mev (abs)45

1,,1 Mev30

0~95 1fuv (aos)31
0;67 Mev (aDs)7
O~7 Mev (aDs) 10
0;72 Mev' (abs) 33
K9L x=rays31932

naY 18915

0,,8 Mev (ab~)18S143

<V0,,2 Mev {a.'bs)45

0025 Mev (aDs'9low

intensity) 18928

x=rays18 928~A5

615 kev (abs ~weak) 30
64.7965o8~69~6999~9~

116~29105o09163~09168o09

17700920803923109923909 h"
275 02 pa.nd 340 01 kev{spec)-N

Pr(a."g2n,7=9931932
Nd(d9n)7=lO

.

Sm(n9r)SmL..> 34

U(n)Nd.147 ~ 13 ~:L4~189
= 28~35~37

Nd(njf "!tNd147 ~ 18 928
U233 (ng high energy

fission)36

fi
I-'
0"-
fi

. U(n)18943

Nd(np y)Ndl48 L; 43
Nd(d~2n)10943
Nd(p pn)10943

Nd(a 91')43

:Pu.(n)41'
U(n)18j/28944

Nd~ y)Nd149 L>l1~J8 928

Nd150(n9y)Nd151 J[_~.29930

Type of'
A Class Badia t ion

143 B ]iX::9k Y
=9(1)9$31

145 Aca.lc ' ge=ri)
K9L x=rays34

147 35 = Y
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Tao1e 4

lessCertain Promathium Isotopes Pre<viously Repo:I'ted in L1terature
~ -

A Gl!=\ss HA,lf=LJ:Pe

142

144

14{)=150

146 9149 ~150 E

F

c

F
F
F
F

Type of
EMiRt ion

~+ or EC

~+32

R= 48
~ ,Y

~= y 10 918

~~,

~<~

~+ or P9Y
~+ or ~=

<20 min32
<5 rnin31

Ene:tgy of' Electro=

~~T~Y. of ~.rticle;:)- . rre~etic Ra.diaM.on

401 j: Oc-l nr32 103 Mev32

42 j; 1 d.48

2~ 7 brIO 918
203 br8>i28
10" 3 d 28
1205 ~6
16 d 10 918

41 i: 1 m9

~~5 Mev (95%L;
-or 205 Mev (5%) (aDs) 48

10
2 Mev (aDs)

(
.

)
10

107 Mev aDS a
2 09 Mev (a~bs') -'

hoduced DY

Pr(a. ,&3n)31;.132

,,,.Ocg Mev (aos)48

no K or L x=ray48

1X(a. pn) 32

, 48
U{p phicl1 energy)

fissio11

vIa -18
i) >, Nd( d ~n) 10 ~18

Nd{p~n)10~18
U(n)28

Nd(d~n)6 .

Nd ( d ~n) 10 ~ JB
Nd(d~n)9
Nd(p~n)9
Nd(Y~n)N~9
Pr{p\)n)~>9

U
t-1
--J
U

-,-
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II. EXPERIMENTAL PROCEDURES

A. Discussion

These experiments wereu,ndertaken in an attempt to ascertain the

mass assignments of the promethium activities. The availability of

mass spectrographically separated neodymium isotopes49 made Nd(p,n)Pm

reactions an attractive method for producing the various isotopes. Their

mass numbers were to be determined from the relative yields in the dif-

ferent samples.

Since it \-las felt that the possibilities of Pr(ajxn)Pm bombardments

had not been exhausted by previous workers, this method was also utilizedo

Assignments were to be made on the basis of the changes in cross section

with energy and by comp3.rison with the neodymium bombardments.

B. Bombardments

Neodymium Targets

The chemical and isotopic characteristics of the separated neodymium

isotopes are given in Table 5. They were received and bombarded in the

form of the oxide (Nd203).

The bombardments were performed by the bO-inch cyclotron of Crocker

Laboratory and by the linear accelerator of the Radiation Laboratory,

both at this University.

The samples for the 60-inch cyclotron were prepared in most cases

by placing 5 to 10 milligrams of the oxide in an envelope of 0.00025

inch platinum. This was then placed in a platinum dish which was covered

by a disk of the same foil and clamped in the "pistol grip" assembly

described by So G. Thompson.50 The powder was pla'ced in an. envelope

rather than directly in the dish primarily because Buch small quantities



Tab Ie 5

Chemical and Isotopic Characteristics of Neodymium Isotopes49

%W %W ~~ %~ %W %~

93.00~ 0.03: I 3.18 ~ 0.02 2.89 : 0.02 0.368 : 0.008 0.414 ~0.06 0.084 t 0.007

A

142

143 4.04 '!: 0002

144 0.698 !,0.090

145 1.18 : 0.02

146 0.584 ! 0.037

148 1.21 ! 0.03

150 1.10 ! 0.11

83.93 :!: 0,,04

0.941,! 0.072

0.840: 00022

0.274 ! 0.007

0.584 ! 0.006

0.4:>6 :: 00048

8.83 !0,,05

93.45 ! 0007

1.78 !O.Ol

2.33 !0.04

4o83':t 0,,05 78,,60 :t 0.00

00903 ! 0.014

1028 '! 0.03

00981 :!: 00026

1,,03:0.01

0.742 :t 0.040

0.419 ! 0.014

1.16 : 0003

2036 :t 0.05

3. 71 :!:O. 08

95.60 : 0.06

2046 ! 0.03

1004 ! 0.05

0.149 ! 0.003

% 150

o. C66 :: O. 008

0.108 :: 0,,006

Chemical

Purity and
% Contaminants

99.5

Ia<O.15 Ni<O.08

Mg<O.02 PlJ<O.07

99.5+,
Ie.<0.15 Mg<O. 02

Ni<O.08

99+

Laf:O .15, Mg<P. 02

Ni<O.08 Sm<O~31

0;626: 0.011 : 0.214 ! Q.001,. 99+
~.15 Ni<O'.08
Mg<Oo02Sm<O.31

0.~147.! 00017

1.42 :!:0,,01

,.

89085 :!: 0,,08

1.25 ! 0.01

0.192:t 0,,050

3,,88 ! 0.05

94.76 ! 0.02

i
f-I
'-D
.I

99+

Ia<O.15 Ni<:O. 08

Mg<O.02 Sm<O.31

99.5
Ba.<O.04 Ho<O.31
Fe<O"08 Mg<O.02
Mg<O.04

99.9

Mg<O.02 8i<0. 08
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were used. This method, h01vever, also expedited the removal of the sample

and protected it from possible 'Mater leaks from the cooling system. The

target was bombarded in the deflected beam. Differential beam current

readings trucen during each bombardment yielded an average value of

3 microamperes for the beam intensity. The 10 Mev protons from the cyclo-

tron were reduced to approxlinately 8.9 Mev by 1.25 inch of air, 0.003 inch

of duraluminum and 0.0005 inch of platinum between the snout and the

51
sample. Though the potential barriers of the neodymium'isotopes against

protons were calculated to range from 9.4 to 9.5 Mev with decreasing mass

number, an exploratory bombardment showed that this energy'produced pro-

methium activities in adequate if low yields.

The linear accelerator was used in bombardments of neodymium 142

where higher energies were found to be necessary. It was not used in all

the bombardments because its average beam current is approximately 0.07

microamperes, a factor of 50 or more lower than that of the 60-inch cyclo-

tron. The 60-inch beam would probably cancel or outweigh any advantage

gained in yield by bombarding at higher energies for (p,n)- reactions.

Samples for linear accelerator bombardments were prepared by

wrapping 5 to 10 milligrams of Nd203 in a 0.00025 inch platinum foil

envelope of approximate dimensions 3/16 x 3/16 inch. This was centered

in the hole of a 2.5 x 3.5 x 1/16 inch aluminum backing plate on scotch

tape \dth one thickness of platinum facing the beam. The bombardment

time was 10 minutes and thus the scotch tape did not deteriorate to

any large extent. This assemblywas placed in th e beam measuring Faraday

cup at the 100 port, aligning the target center with the beam. 1147 mg/cm2

of aluminumabs:>rbers reduced the energy of the protons from 32 Mev to
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a narrm.oJ distribution betHeen 10 and 11 Mev.. In later bombardments, 700

mrs/cm2 of aluminum absorbers were llse.dto give ",20 Hev protons, or the

full energy protons Here utilized.

PraseodYmium Tarp:ets- '-.- .' - " "'. ...~..":l.._...-

Ten to twenty milligram samples of spectroscopically pure52 praseo-

dyrnium oxide53 (Pr60Il) were wrapped in platinum foil envelopes.

were bombarded 1...0..th alpha particles from the60-inch cyclotron in a lipistol

These

gripll tyne assembly in the same mrlnner as the neodymium targets. Varying

thicknesses of platinum were used to cover the dish in vmich the sample

was placed. The alpha particles, reduced to approximately 37 Mev by

1.25 inch of air and 0.003 inch duraluminum,48 had energies shown in

Table 6 after passing through the various thicknesses of cover foil.

Table 6

Energy of Alpha Particles Striking the Sample5l
"~_.." '--_'-0'--""--- - .- ."-'-,-' -_..-
- - -.. - u- - -.- - '--' -'- .. .--.--.

Platinum Dish Cover Energyof Alpha Particle

(inch) ., (Mev)-- -' --~-- ._.~ ~--_._--

0.50 J: 10-3

1 O5 ~ 0-3. "- X.L

-1
2.25 x 10-

35.5.

32. '7

26.0

3.00 x 10-3

3.25 x 10-3

1800

.1502

-"-'''-'--'---''''-''- '-'-'''~'---'-
..- - ' --- _._._-

The potentialba.rrier of pmlhl agaiast alpha particles wa.scalculated

to be 17 Mev, and the thresholds for the (a,n), (a,2n), and (uJ3n)

reactions '~ere 303 Hev3 1106 Mev, and 1902 Mev3 respectively.
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Delivery of Target

The targets were rushed from the bombarding machine to the author's

laboratory by the Health Chemistry group. Since the delivery time was

five minutes from the linear accelerator and seven from the 60-inch

cyclotron, this procedure was adequate fo r the detection of activities with

half-lives above one minute.

C. Chemical Separation

Q.i.~9-tlssion

At the proton energies used the only probable reactions with neo-

dymium are: (p,n) and (p,2n). The bombardments of praseodymium would

be expected to result only in (u,xn) and (a,pxn) reactions. Since the

latter result in stable neodymium isotopes for x :::2 and because of the

high purity of the samples, both types of bombardments should yield no

rare earth activities other than promethium.

Other activities "Which mi~ht interfere with the studies are the

following.

From ozygen:

17
)
17 p+

0 ( p, n F --1'_-~".>66 sec

n18
( )F

18 ~+
'- p,n ~

+

017,18( )N
22 p -

a,.xn a -'"'--->
2.6 yr

From carbonate:

13 13 ~+C -(p,n)N -->
10.1 min

C12,13(u.,xn)014

+
L >

76 see

C12,13( )0
15 ~+a,xn ~--->lISsec
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. From the pIa t.inum envelope ~

Pt( a 9xn)Hg199
I~I\

>

44.min

and other reactions producin~ longer lived gold and mercury isotopes.

Che_~cal.Er9_~~d..~r~12.r:_$h9_~:t:.. H~U -Li ~ed Isotopes

In most cases the sample was transferred directly from the platinum

envelope to a counting dish and covered with a very thin film of zapon.

This procedure conslLmed three minutes fora linear accelerator assembly

and four minutes for a 6O-inch cyclotron target.

In order to decrease the non-promethium activities, some samples

\vere chemicRlly treated as outlinedbelow0

a'.Dissolve in concentrated HCI

bo Dilute and precipitate neodymium hydroxide with NH3 gas

co Centrifuge and wa5h the precipitate

d. Dry on a counting dish

An alternative method was to precipitate the oxalate instead of the

hydroxide. Both procedures required an average of ten minutes, and gave

50 percent purification from all but rare earth contaminants 0
A more

complete chemical procedure used on occasion was the following 0

ao Dissolve in concentrated HN03

b. Dilute and precipitate neodymium fluoride with HF in a
lusteroid tube

Co Centrifuge and wash the precipitate

do Dissolve in concentrated HN03 saturated \vith H3B03

eo Dilute and precipitate neodymium hydroxide with NH3 gas

f. Centrifuge and \iashthe precipitate

go Dry on a coun tin g dish

This required t\.venty minutes 0
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Chemical Procedure fOJ:~..Qrdina~y Bombardments

The first six steps of the second procedure outlined in the last

paragraph were carried out with targets from both neodymium and praseo-

dymium bombardments 0

They should remove all activities from the sample

except those of the rare earths, the precious metals and mercury. Sepa-

ration from these was obtained by dissolving the hydroxide precipitate

in concentrated HCl and sucking this solution through a column of anion

This was constructed by agitating Dowex A-I resin54exchange resine

with concentrated HCl and then packing it into the tube of a funnel whose

end had been dralffi to a tip (Fie. la) 0
In the concentrated HCl the

precious metals and mercury form chloride complexeswhich are quantita-

tively adsorbed on the resin. 55 The rare earth ions, however, do not

adhere appreciably. After washing any remaining rare earths off the

column with an extra volume of concentrated HCl, the acid containingthe

rare earth sample '..vasdiluted and th e hydroxide precipitated \.ath NH3

gas. This was centrifuged, washed, and either prepared for counting or

for a cation column seParation.

Rare Ear~tL?~~ration

In cases \mere rare earth separation was desirable for positive

identification of an activity, the method of hieh temperature elution

from a cation exchange resin column was used.

The application of the general method to the rare earths used in

these experimentswas developedby Dr. K. street, Jr.56 Since the

particulars for separation of neodymium, promethium, and samarium have

not been given elsmmere, they willbe detailedin this section. Figure

Ib indicatesthe ope~ation of the apparatus. The characteristics of
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(a) Anion column for removing the activities of the precious metals
and mercury from a rare earth sample

(b) Cation col~~n for separation of the rare earth elements
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. the column and the elution follow.

(a) Resin bed:

Dowex 5051 resin, medium-fine grade

Height column: 22 cm

Diameter column: 1 cm

Free colu~~ volume: 12.4 cc

(b) Drop size: 0.045 cc or 0.0027 free column volumes

0
(c) Temperature: trichloroethylene condensation point: 87 C

(d) Eluant: pH 3.52 citric acid buffered with ammonium citra te:

citrate concentration 0.25 ~. Elutions were attempted

at other r-fI1S and this alone was found to give both

adequate separation and speed.

The hydroxide sample was dissolved in a very smallvolumeof 6 !!

HCl which was then diluted to 0.1 N hydrogen ion concentration. Approxi-

~~tely 0.2 ml resin was added and the mixture was agitated and heated

for 15 minutes. After centrifuging and washing the resin it was placed

at the top of the column in as even a layer a'S possible. The eluant was

t

then allowed to flow through and was collected in 10 x 75 mm rimless

glass tubes placed in a perforated automatic turntable, 5~ aliquots were

dried on aluminum disks and counted for Geiger activity while 50A aliquots

were submitted for spectrographic analysis.57

A calibrationrun was performed with a sample containing 3 mg neo-

dymium, 2 mg samarium, and promethium tracer (Pm147 307 yr, 0.223 Mev ~-).

The flow rate was one drop every two minutes or 0.0199 cC/min/cm2. The

elution curve obtained is shown in Fi~. 2. While the separation is far

from complete, it was more than sufficient for the purposes of-these

experiments where identification rather than isolation was desired.
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Pm

ELEMENT
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Column calibration with Pm147 tracer and macro &~ounts of neodymium
and samarium determined spectroscopically
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In the actual separations the presence of macro amounts of neodymium

(added in the case of praseodymium samples) made it possible to use a

spectrographic landmark to identify the activity peak. Since in the cali-

brat ion ex[.£riment it required twenty hours for complete elution of the

promethiuffi5 the drop rate in the actual separations was increased two to

four fold. This decreased the elution time to twelve and eight hoursJ

respectivelYJ and permitted the observation of shorter half=lives. The

elution peaks were naturally smeared out by this procedure and thus the

decay of samples from various parts of the activity peak was compared.

If the decay rates were identical9 it was accepted as conclusive evidence

that the peak contained the activities of one element alone.

T~e rare earth samples were recovered from the citric acid by heat-
/

ing the eluate with five times its volume of concentrated sulfuric acid

1flth a few drops of 6 ~ selenium solution until a clear black solution

'~s obtained. Then perchloric acid Vfas added dromrise until the solution

became colorless. After cooling and diluting9 the rare earth hydroxides

were precipitated vfith NH3 gas.

D, Radioactivity~ Measurements and Calculations

Q.~iger eou~j:,erMeasurements

An end-onAmperex tube (type 100e) ,,'lith a 3.5 rng/cm2 mica window

filled with 33 ! 5 cm of argon am <1 percent of chlorine was used

with a Nuclear Instrument Corpor8.tion scaler (AEC Model CGM-7H)~ It

had a plateau from 1200 to 1500 volts and 1~S operated at 1300 volts 0

The coincidence correction for this unit was determined as a

function of counting rateo A very high activity sample of the 65 hr

2.35 Mev negatron emitter y90 was prepared by sepa.ration from a solution
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of its parent> Sr900 The counting rate of this sample was determined

as a function of time for all shelves until less than five thousand

counts per minute were observed 0
A counting effi0iency was assumed for

the lowest counting rates and after correcting with this factor9 values

were obta.inedby correcting for decay back to a given time 0
Th ese were

comnared v~th the values observed at that tL~e and the coincidence cor-

rection was calculated fr~~ the difference 0 Var7ing the value assumed

for the low counting rate counting efficiency until a consistent set of

corrections was obtained;> the value 003 percent per tho1}sand for counting

rates up to 359000 counts per minute resulted. At higher countingrates9

the correction increasedo

1. Preparation. of S?JTl2b.~o-= Samples were prepared by drying the

activity-containing neodymium or praseod;)?mium hydroxide or citrate solu-

tion on 00001 inch aluminl~ disks stamped into dishes? vmen the absolute

counting rate was desired these were supported by 1/16 inch aluminum

holders which gave saturation backscattering9 the correction factors

for which have been reported by yaffe58 as a function of energy.

~fuen a cross section determination was desired9 the dish was weighed

to 0001 milligrams before ,and after addition of the sample to give the

weight of the sample by difference.

20 Dec~xo-- The decay of short=lived isotopes was sometimes followed

with a traffic~counter type of automatic recorder? other\~seJ each decay

point was counted for at least five thousand counts 0

These deterIT~nations

had a standard statistical error of 104 percento

A metallic uranium standard was used to correct for variations in

counting efficiency as previously described.32
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3. Countin~ Efficiency.-- The values for the counting efficiencies

of various types of radiation were taken from H. Hicks .32

Particles: 100%

Lx-rays: 8.0 to 10.0%

K x-rays and gamma rays to 0.5 Mev: 59 0.5%

Gamma rays above 0.5 Mev: 1.0% per Mev

4. Calibration.-- In order that absolute counting rates might be

obtained, the counter geometry was calibrated with a Bureau of Standards

Radium D + E negatron standard. This was counted for over 105 counts

on shelf two with a 3.33 mg/~~2 absorber on shelf one. After correcting

for absorption in the counter window, the air gap, and the aluminum,

the counting rate was divided by factors for back-and self-scattering.

The ~orrected value was compared with the calculated disintegration

+
rate and a 3.4 - 0.3 percent geometry on shelf two was calculated.

5. Self-Scattering.-- Self-scattering factors were obtained as a

function of the weight per cm2 of the sample and the energy of the

particle emitted, from curves prepared by We Nervick.60

6. Absorption Measurem~nts.-- In order to determine the energy of

particles emitted by the sample, aluminum absorption measurements were

taken in the conventional l'IBnner. L x-rays were detected by placing

enough be~llium above the sample to remove all the particles and re-

peating the aluminum absorption measurements. After subtracting the

L x-ray and hard electromagnetic components, the energies of the parti-

cles were obtained from their absorption half-thicknesses. In the cases

where the absorption data curve was not linear, energies were determined

from ranges.
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Copper absorption measurements' wereusedtodeterm:ine ,.the-- x=c>ray

half-thicknesses and energies accuratelyo Enough beryllium ,wa.s agaiTi.;.:

placed above the sample to absorb all the particles emitted 0

Both K x-rays and gamna rays were measured by determining their

half-thicknesses in leadu These absorption measurements were performed

in an unshielded counter as previously describedo32

The ratios of the amounts of the various types of radiation emitted

by a sample were calculated by extrapolation to zero absorber and

application of the follOi'\fing co rrections 0

Particle s ~ absorption in air gap-and counter windbw9

back- ab.d self=scattering

K andL x-rays ~ absorption in beryllium)) air gap and counter

window') counting efficiency and Auger 'effect5.9..
"

Gamma rays: counting efficienc~f '

In the case of electron capture;; the decay was assumed to be due t.oK

capture alone and the values in the ratio were divided by the number of.

K x-rays 0 In the case of particle emission:lthe ratio was normalized

to the most convenient valueo The major.sources of error arise in

(a) the assumption regarding electron capture and (b) the .assumed

counting efficiencies 0

70 Cross SE?,ctionCalculationo~= Although the determinations of the

beam intensity were very uncertain -and in spite of the fact that some

bombardments were interrupted by failure of the machine.9 it was con~.

sidered worthwhile to calculate approximate cross sections for the, 60=: .

inch cyclotron bombardments.

H 0 Hicks32 has detailed the calculation for the cross section .in

the case of a product isotope undergoing electron capture 0 I n the
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present work the following modification was used to include various types

of decay of the product isotopes.

Electron capture alone or with positron emission:

Ncounts/minute = (counts/minute of K x-rays) x (Auger coefficient)

x ( 100 - )

% contribution from electron capture

Particle emission alone:

Ncounts/minute = (counts/minute of particle) x (100 )% backscattering

x ( 100 ) x ( 100 )

%>self-scattering % contribution from particle

All cases:

- N ( 100 ) (100 )
Aatoms at saturation - x % counting efficiency x % geometry

x (saturation factor) x (decay since end of

bombardment) x (length of bombardment in min)

no - (

.

bombarding particles/cm2 - mlcroampere hours of bombardment)

x (no. of particle~/microam2ere hour)
. area of targetin cm2

(grams of sample counted) x (AvogadroYs number)
nt ='

target atoms l/n x (molecular weight of sample RnOm)

O"barns = 2- x 1024
nont

Examination of Low Energy ~lectromagnetic Radiation

In a few cases sufficiently active samples could be prepared and

were examined by D. Martin61 on a scintillation spectrometer. Very late

in the researcha scintillationcounter-pulsediscrimina.torgarmna
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spectrometer became availahle 0 Several samples were investigated with

this0 The energy=current calibration was obtained by the use of the

1 7 22Cs 3 , 00661 Mev gamma rays; Na- J 1026 Mev gammafollowing standards~

rays; and Am241'j 59 key x-rayso Ratios of the various components were

obtained by graphical integration 0

l.iea?Jn~ellt.en~_of Particle§.-

10 ~a Particleso-= Samples which IT~ghthave cQ~tained alpha

emitters were counted for the period of an hour on a conventional alpha

counter.

20 Beta Particles - Generalo-- A crude beta ray spectrometer was

used to identify the charge of the particles emitted and to give -a

rough estimate of the energies 0 It 1ms also used with a traffic counter

to measure the decay rate of be~a particles at a given charge and energy 0

30 Beta ~articles - ~nergyo-- The negatron spectra of two samples

were examined on the double-focusing beta spectrometer with radius of

25 erndescribed by Go Do OQ'CelleYo62 Since a minimum bf 107 counts/

minute was required for a good measurement'j and since the samples decayed

with a 3 hr half-life;, it was not possible to prepare a carrier free

sample by column separation 0 Thus just enough neodymium hydroxide

(carrying the promethium) to give sufficient activity was dried on a

105 mg/cm2 mica film glued to the sample holder ring and covered idth

a thin Tygon filmo This amount of backing would badly distort the low

energy end of the beta spectrum but would not be expected to appreciably

effect particles with energies greater than 1 Mevo

The K and L electrons of CdlO9 and the K electron of Cd13? were

used as known points from which the spectrometer current was calibrated
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in terms of H P.

The sample was counted at 002 milliampere intervals from 1.0 milli-

ampere until a constant background value was reached (Fig. 7).
After

subtracting the background, all the data were corrected for a 161 min

decay. A Fermi-Kurie plot [VN(HP)/f(Z,~) vs EJ (Fig. 8) was made using

the formulae given by Feister.63 The relativistic Fermi function, f(62,~),

was found by graphical interpolation between values given for f(60,~)

and f(70,~) in the same article. The ~urve was resolved by successively

subtracting the two longer components as indicated.

[

N(HP)

] [

N(HP)

]

-

[

N(HP)

]f(62,~) total - f(629~) component - . f(62,~) difference

The "difference" was then replottedo The third component was known to

have a 56 hr half-life and so the second "difference" was corrected for

such a decay from the previous 207 hr correction.

The .endpoints of the components gave their energies, while the ratio

of the amounts of each present were obtained by comparing the squares

of their values of

-1K.I:1J:Lat E = 0
f(62,11)
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III. DISCUSSION OF RESULTS

A. Proton Bombardments of Neodymium Enriched in Nd150

In the present work 161 min (207 hr) and 54 hr activities were pro-

duced by bombardment with protons from the 60-inch cyclotron of neodymium

enriched in Nd150.

-Previous experimenters had not assigned a half-life to pm150. An

isotope with 2.7 hr half-life emitting a 2 Mev negatronlO,18,28 was

reported61andassigned tentatively to pm146 and to an isomeric state of

Pmll~9 or pmI47.10,18 The 207 hr activity was produced by Nd(d,n),

Nd(p,n) and Nd(a,p) bombardments and was thought to be promethium since

its chemistry identified it as a rare earth.IO,18

An activity with a half-life generally reported as 47 hr was proven

to belong to Pml49 by ion exchange separation and mass spectrographic

analysis.44 It is found among the products of thermal neutron uranium

fissionI8,28,44 and from the Nd(n,Y)NdI49 ~> reaction.ll,18,28 An

approximatelyl.O Mev negatron7,ll,28 and a low intensity 0.25 Mev gamma

ray18,28 comprise its radiations. Inghram and co-worlcers44 found a

55 hr half-life value for the mass spectrographically separated activity.

The 161 min and the 54 hr activities observed in the present experi-

ments have both been characterized in detail and have been sho\~ chemi-

cally to belong to promethiu~ isotopes. On the basis of cross section

considerations and previous work, assignments respectively of pml50

and pm149 have been chosen (see Table 9).

Measurements

The decay of isotopes produced from neodymium samples enriched in

Ndl50 bornbarjed with protons from the 60-inch cyclotron was composed of
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161 ~ 1 min and 54 ~ 2 hr components (Fig. 3)0 These values are the

average of five determinations.

Aluminlun absorption measurements shortly after bombardment, with

the data corrected for 161 min decay (Fig. 4), yielded a curve showing

a hard beta particle with half-thickness 135 mg/cm2 (201 Mev) (range

1077 mg/cm2, 2.2 Mev) 0 Subtracting this component from the total absorp-

tion data ~lrve and correcting the difference to a 54 hr decay, a particle

with half-thickness 40 mg/cm2 (009 Mev) (range 322 mg/cm2, 008 Mev) was

observed. Three determinations gave these values.

Lead absorption measurements also shortly after bombardment and

corrected for 161 min decay (Fig. 5) showed electromagnetic radiation

with half-thickness ~46 mg/cm2 (40 kev), ~1036 g/cm2 (0033 Mev), and

-11.38 g/cm2 (104 Mev) 0 These values represent averages of three such

absorptions 0 Forty kev is within experimental error of the energy of

the K x-rays of samarium 0

Aluminum absorption measurements at least 36 hr after bombardment

(Fig. 6) showed a single beta particle with half-thickness 52 mg/cm2

(loa Mev) (range 476 mg/cm2, 101 Mev) 0 Again three absorptions gave

these values.

The electromagnetic radiation of the sample after the 161 min acti-

vity had decayed out was too low for absorption measurements. Examina-

tion with a scintillation spectrometer6l indicated a very low intensity

gamma ray with an energy of approximately003 to 0035 Mev and samarium

K x-rays.

When the 161 min activity was examined on a crude beta spectrometer,

a complex negatron spectruJilcontaining some particles of at least 3 Mev
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was observed. The half-lives of the activity at magnet currents cor-

responding to 1.5 Mev and 2.5 Mev were both 161 mino

The hi8hly enriched neodymium sample made it possible to obtain

sufficient activity to examine it on the high resolution beta spectro-

meter. The data shows clearly (Fig. 7) that a negatron component of

energy greater than 2 Mev was present. Fermi-Kurie plots (Fig. 8) were

made on the data from four examin'ations and components at 3.00 ! 0.01 Mev

+
and 2.01 - 0.03 Mev were found. The crude spectrometer decay measurement

indicating,that both these particles belong to a 161 min decay, was con-

firmed. The average of the ratios of the amounts of these components

present in the four experiments is the following:

2 Nev negatron: 3 Mev negatron

1.00 . 0.16 ! 0003

In one case alone sufficient activity was present to permit determination

of the shortest component. This yielded 1.05 ! 0.10 Mev.

Ratios were calculated from the absorptions with the assumption

that all the "".0.3Mev gamma observed came from the 161 min decay.

",,0.9Mev negatron: ~201 Mev negatron: K x-rays~ ",,003Mev gamma: Nl04 Mev gamma

0.08 0.26 100 .0015 0.21

The following ratio for the 54 hr activity was estimated on the

basis of the aluminum absorption and the scintillation spectrometer

result0

009 Mev negatron: K x-rays: ",,003Mev gamma

100 ",,100 <100

The difference of the t~~ ratios should give that for the 161 min activity.

Combining this with the beta spectrometer ratio, the following was found.
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2 Mev negatron~ 3 Mev negatron~ K x=rays~ ~Oo3 Mev gamma~ ~lo4 Mev gamma

0.22 0.033 ~loO ~Oo067 002

These data are consistent with a decay scheme in which the 161 min

isotope emits a 3 Mev negatron followed by two 003 Mev gamma rays and a

2 Mev negatron followed by an Nlo4 Mev gamma ray. The 54 hr isotope

emits a 100 Mev negatron and a low intensity 003 to 0.35 Mev gamw~ ray.

K x-rays are associated with both activitieso

Identification

A sample of the neodymium enriched in Nd150 and bombarded with

protons was separated on a cation exchange column with a rapid drop

rate so that all th e acti vity l..rasoff in 8 hours 0 The decay of samples

from the front, top) and back of the activity peak were compared with

that of an unseparated portion of the sample. All four were identical

(Fig. 9)~ containing both the 161 min and the 54 hr activitieso The

activity peak w-as found to occur immediately before the neodymium mass

peak and thus identified as promethium 0

The cross sections calculated for the formation of the 161 min and

the 54 hr activities are hand 3 millibarns;J respectively. These values

are reasonable for an 809 Mev bombarding energy.

It is shown by the cross sections calculated for the formation of

the isotopes with 161 min and 54 hr half-lives, from bombardments of

neodyrniwn samples enriched in other isotopes~ that these activities

are produced from Nd150 (see Table 7)0 Since both Sm149 and Sm150 are

stable and in view of the column separation;> the activities must be

due to pm149 or pm1500
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Another sample enriched in Nd150 was bombarded with 9.8 Mev protons

from the linear accelerator. The same two activities were observed and

the ratio of their cross sections was calculated.

crfor 161 min: crfor 54 hr

0.8 1.0

Since the ratio at 8.9 Mev cem be seen from above to be:

1.0 0.75

it was concluded that the 54 hr activity was Pm149 produced by a Nd150(p~2n)

reaction and the 161 min activity, pm150 from a Nd150(p~n) reaction.

Two attempts were made to ascertain these assignments mass spectro-

graphically,64 but due to the small proportion of promethium in the

sample and to the high loss factor in this region of the periodic table,

no activity could be found on the plates.

B. Proton Bombardment of Neodymium Enriched in Nd148

In the present ,.,orkbombardment of neodymium enriched in Nd148 1.v:lth

60-inch cyclotron protons yielded a 5.3 day, 42 day, and a long half-

lived isotope in addition to the 161 min half-lived isotope previously

assigned to Pm150.

p~48 has been reported by previous workers to have a 5.3 day

half-lifelO,~43,65 and to emit 2.5 Mev negatrons18,43 and 0.8 Hev

gamma rays.18,43 It was found among fission products and as the product

of Nd( d, 2n), Nd( p, n), and Nd( n, Y)Nd148
R- . 1018 43~> reactlons. " It

was identified chemically as promethium and mass spectrographically as

A = 148.43

Also assigned by ion exchange and mass spectrographic identif-tcation,35

is the 3.7 yr isotope pm147 found among fission products13,14,18,27,28~35-37
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and from Nd(n;lY)Nd147 ---1.~--> reactionso185128335 Various examinations

of the negatron emitted have yielded slightly different energies. The

value of 00223 Mev found independently by Emmerich and Kurbatov41 and

, 2'
by Price, Motz3 and Langer~- is probably the besto The latter investi-

gators obtained the same value from both a 40 em radius of curvature

spectrometer and a small 1800 focusing Helln.l-}ol tz coil spectrometer 0

Fol8er and Stevenson48 found an isotope with 42 ~ 2 day half-life

among the products of the high energy fission of uranium. It emitted

N203 Mev and N005 Mev negatrons and ~l Mev gamma rays in the following

ratio,

N005 Mev negatron~ ~203 Mev negatron: ~l Mev gamma ray

0095 0005 1090

It was identifiedas promethium by column separation and tentatively

assigned to pm1460

The 503 daY3 42 day, and the long half=lived isotopes produced in

the ~resent bombardments were characterized and assigned as follows on

the basis of ratios calculatedfrom absoI"f)tion data:> cross sections,

and previous work.

(see rrable 9)

1ftea fiqr:~Ir!~!Lt.:?

The decay of the activities from proton bombardmentof a sample

enriched in Nd148 vJ"B,Sresolvedinto 161 ! 6 min9 503 ! 001 daYJ and

42! I day half-life components (Figo 10)0 The presence of a longer

component was rioted9 but the sample has not decayed sufficientlyyet

50 3 day pm148

42 day pm148 or pm147

long pm147
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for a half-life determination.

Aluminum a.bsorption measurements after the 161 min activity had

decayed (Fig. 11) showed a particle with range -1.1 g/cm2 (2.3 Mev),

and particles at lower energies. Attempts to resolve the absorption

data curve were not conclusive. The crude beta spectrometer showed that

only negatrons were present and that they had energies in rough agreement

with the absorption measurements. Lead absorption measurements (Fig. 12)

indicated electromagnetic radiation of half-thickness -48 mg/cm2 (40 kev)

and -8.55 g/cm2 (1.0 Mev). The 40 kev component is doubtful, but if

present is at approximately the energy of samarium K x~rays. No L

x-rays were found.

Aluminum absorption meas~rements on~he sample after the 5.3 day

pm148 had decayed out (Fig. 13) showed a particle with half-thickness

2 2
,.,185mg/cm (2.7 Mev) (range ...970 mg/cm , 2.04 Mev), another with half-

thickness -25 rng/crn2 (0. 7 Mev) (range ,..,195 mg/cm2, 0.6 IJ!ev), and a third

with half-thickness ,.,5 mg/cm2 (0.25 Mev) (range ...35 mg/cm2, 0.2 Mev) .

No L x-rays were observed, and there was not sufficientelectromagnetic

radiation for a lead absorption measurement.

The following ratios were calculatedfrom the aluminumabsorption

data curves.

absorption
2.3 to 2.7 Mev ",0.7 Mev ",0.2 Mev

negatron: negatron: negatron: ...1 Mev Y-ray and x-ray

1 1.00 0.9

2 0.062 1.00 1.'76 3.44

It was noted qualitatively that \.ff1ereas the J.2 Hev negatron decayed

with a half-life much greater than 42 days, the 2.5 Mev and the 0.7 Mev
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negatrons and the gamma radiation appeared to decay at that rate.

Considering these results and previous work, the following decay

schemes were postulated.

5.3 day ~2o3 Mev negatron followed by an ~1.0 Mev gamma ray

42 day ~2o7 Mev negatron and -0.7 Mev negatron followed

by two ~100 Mev gamma rays

long -002 Mev negatron

Assignments

On the basis of the ratios calculated from the results of the

absorption measurements, cross sections (Table 7) were calculated for

the various activities found. It was assumed that the long-lived iso-

tope decayed by emitting the 002 Mev beta particle and that it was the

3.7 yr Pm147 produced from the reaction Nd148(p,2h)Pm147. Dividing the

cross sections of the 161 min activity by the percentage of Nd150 in

the sample and the others by that of Nd148, the following values were

obtained.

Thus the Nd148(p,n)p~48 and the Nd(p,2n)Pm147 reactions appear

to go at approximately the same rate.

to an isomer of either Pm147 or Pml48 0

The 42 day activity could belong

The assignment of the isotope

with this half-lifewill be discussedfurther in Part IV.

161 min: 206 mb

5.3 day: 2.0 mb

42 day: 1.0 mb

307 yr: 2.0 rob
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C. Alpha Bombardments of Praseodymium

~filkinsonand Hieks3l j 32 have bombarded praseodymium with helium

ions at various energies. They first reported two activities, one

a.bout 350 da.ys and the other 4.,1 hr.32 The long activity had been seen

previously in similar bombardments7-9 and also in deuteron bombardments

of neodymium. 7~-lO Hicks and vlilkinson reported a better value of ,-

285 ~ 3 days after observing the decay for the two half-lives.31
vmen

an ion eXChaJlge colunm separation was performed on the sample, the

4.1 hI' activity could not be detected in the promethium peak.66 Since

the elution required about tl'ITentyhours, this did not constitute

absolute proof that the 4.1 hI' deca.y does not belong to a promethium

isotope. The 285 clay activlty:;however, vias found in the .promethium

peak. Cross section calculationsindicatedthat the 4 hI' and the 285 day

activities corne from pr141(o.,n)pm144 and Pr141(u,2n)pm143 reactions,

respectively. An activity corresponding to PrlLj.l(a,3n)Pm142 1-vasnot

observed R.nd n.n upper limitof 5 min was placed on the half-life of

pm142 31. The 285 day a.ctivity decayed by electroncapture, emitting

Land K x-rays of neodymium, an ...0.95Mev gamma ray, and apparently

a 0.7Mev negatron.32 The 4 hI' activity emitted a 1.3 Mev positron

and electromagnetic radiation.32

reported.32

The following absorption ratios were

285 day
isotope

4 hr
isotope 1 1

The present study was undertaken to verify the chemical identity

of the 4 hr activity and furthE-; r characteri ze its decay. It wa.s proved

",0.7 Hev negatron: Lx-rays: K x-rays ",0.95 Hev i-ray

0.005 ; 0.2 : 1.0 : 0.3
,.

",1.3 l1ev positron: Y-ray plus x-rays
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that the activity did not belong to an isotope of promethium. Further

bombardments were performed to verify the previous results for the 285

day activity and to discover the decay characteristics of Pm142 and

pm144

Measurements

All the alpha bombardments of praseodymium at the various energies

used (Table 6) gave a long-lived activity. It was assumed to be the

285 day activity previously observed. A 400 ! 0.1 hr activity was ob-

served from all bombardments except those at 35.5 Mev (see Fig. 14 for

the cross sections found for the production of the isotopes with these

half-lives). A 2.4 ! 0.2 hr decay was observed with 0.0008 barn cross

section at 35.5 Mev and with 0.001 barn cross section at 32.7 Mev.

The only other activity produced decayed with a.20 ! 5 hr half-life

and was formed with 0.0002 barn cross' section solely at 35.5 Mev.

Aluminum absorption measurements (Fig. 15) on the 4 hr activity

indicated a particle with half-thickness 64 mg/cm2 (103 Mev) (range

630 mg/cm2, 1.4 Mev).. Measurement with the crude beta spectrometer

showed this to be a positron and agreed with the energy found by

absorption. Lead absorption measurements (Fig. 16) indicated a single

type of electromagnetic radiation with half-thickness ~5.92 g/cm2

(0.76 Mev). The following ratio was calcula.tedfrom the results of

the absorption measurements.

-1.2 Mev positron~ ~008 Mev i-ray

1 1

Aluminum, lead, and copper absorption measurements were performed

on the long half-life activity formed at various bombardment energies.
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In each case the result was approximately as follows. Aluminum absorp-

tion measurements (Fig. 17) showed a particle with range N220 mg/cm2

(0.65 Mev). Copper absorption measurements (Fig. IS) showed electro-

magnetic radiation with half-thickness N5.0 mg/cm2 (6 kev) and NI05

mg/cm2 (37.5 kev) corresponding to the Land K x-rays of neodymium.

Lead absorption measurements (Fig. 19) showed electromagnetic radiation

with half-thickness N40 mg/cm2 (38 kev) and N7.4 g/cm2 (0.93 Mev).

The following ratios were calculated from the results of these absorption

measurement data.

0.6 Mev beta particle: Lx-ray: K x-ray: 009 Mev Y-ray

0.006 0.8 1.0 0.2

This ratio differs from that previously reported in the greater amount

of L x-radiation observed, but the activity again is seen to consist of

electron capture leading partially to an excited state of the daughter.

A sample from bombardment with 15.5 Mev alpha particles which had

been column purified, was examined on the pulse discriminator type

gamma spectrometer. The radiation observed and the ratio of the com-

ponents is given below.

Nd K x-rays: 0.16! 0.02 Mev Y-ray: 0.45 ~ 0.02 Mev Y-ray: 0.62!. 0.02 Mev Y-ray

1.0 0.6 0.2 0.3

This illustrates the uncertainty of absorption measurements, but does

not change the picture as to ~he type of the decay being observed.

Ten minute bombardments were performed at 26 Mev and 18 Mev and

the samples examined for short half-life decay. No chemical separations

were done. In both cases a 2 to 3 min activity in very low abundance

and a 2 to 4 hr activity in moderate abundance were observed.
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Assignments

A sample prepared by bombarding praseodymium l~th 15.5 Mev alpha

particles was eluted from an ion exchange resin column \iithin 12 hours.
.

Only one activity peak was observed after the initial "breakthrough"

activity and this occurred immediately before the neodymium mass peak.

It was found to decay 'with a very long half-life alone, while an unsepa-

rated sample still showed the 4 hr half-life (Fig. 20). No further

activity was observed on the column. Thus the 4 hr activity does not

belong to promethilnn, althouf~ the variation of the cross section for

its energy (Fig. 14) would seem to indicate a pr(ajn)Pml44 reaction.

The column run indicates further that the 4 hr isotope is not a rare

earth in the vicinity of promethium, uhless it is a samarium isotope.

This may be the case since it has been observed in preliminary studies

that frequently samarium is not eluted in the proper sequence. Its

adsorption on the column in a +2 oxidation state would account for

this phenomenon.

The cross section versus energy plot for the long-lived activity (Fig.14)

is consistent with a Pr141(u,2n)Pm143 reaction and thus the assignment

to pml43 was accepted. Hicks32 postulated that the 0.7 Mev electron

may arise from a long-lived i~?mer of Pm143 which decays by both

electron capture and beta emission. Since it is observed in absorption

on samples bombarded at different energies, this did not at first

seem probable. This will be ~~~cussed more fully in the next section.

The 2.4 hr' or the 20 hr half-lived isotopes could be formed by

a Pr141(u,3n)Pm142 reaction, but both these half-lives are not of the

magnitude which would be expected for this isotope. Thi s point will
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be discussed later. It is more probable that they are the 2.42 hr

Nd141 which emits a 0.78 Mev positron4 and the 19.3 hr pr142 which emits

a 2.14 Mev negatron and a 1.9 Mev gamma.4 These would come from
+

~> and pr141(a,dp)Pr142 reactions, respectiyelyopr141(a,4n)Pm14l

The 2 to 3 min activity found in short bombardments could be p~42o

If it decays by electron capture rather than positron emission, the

counting rate observed for this half-life would be reasonable. However,

as will be discussed later, electron capture is not likely for this

isotope. Thus the 2 to 3 min activity is probably the 201 min positron

emitter from C12(a,n)015.4 The accompanying longer activity is probably

a mixture of several decays.

Do Proton Bombardments of Neodymium Enriched in

Nd146, Nd145, Nd144, Nd143, and Nd142

In the present series of experiments samples of neodymium enriched

separately in Nd146, Nd145, Nd144, Nd143, or Nd142 were bombarded with

protons from the 6O-inch ~clotron. In addition to some of the ac-

tivities previously assigned to heavier promethium isotopes only a nuclide or

mixture of D11clides decaying with a half-life between 200 days and

5 years was observedo

The assignment of a promethium isotope decaying by electron capture

with half-life 285 days to A = 143 has already been discussed. In

the region from A = 142 to 146 the only other previous assignment which

must be considered was made by Butement.34 He bombarded a sample of

very pure Sm203 with slow neutrons, and, after allowing the short lived

activities to die out, he cleaned the sample of all rare earths other

than sarna~ium by seve~al ion exchange column cycles. A 410 day activity
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emitting same very low energy beta particles and the K and L x-rays of

promethium remained in the samarium peak. The daughter of this isotope

decayed with the emission of some low energy beta particles and the

K and L x-rays of neodymiumc The beta. particles found in the two

activities were assumed to belong to Sm151 and pm1479 respectivelyo

The 410 day activity and its daughter were then assigned to the decaY9

by the orbital electron capturej of Sm145 and pm1450 The daughter

half-life was calculated to be ~30 years fro illits specific activity.

An unidentified 12,5 hr beta particle emitter observed in deuteron
/

bombardment of neodymium,O rnay also be a promethium isotope in the

region from A = 142 to A = 1460

Rasmussen67 has established the existence of alpha emitters with

observable half-life among the rare earth elements. Since proximity

to a closed nucleon shell is a requirement for alpha instability at

low mass numbersj it was thought that some of the nromethium isotopes

mif,ht be alpha emitters with balf-lives observable to the techniques

of these experiments. The isotopes that are most probable to decay

146 145
in this manner are 81Pm85 and 61PITlS4 alt.hough even these cases would

be expected to have half-lives mUGh too long for observation 0

The bombardments performed in the present work were made in order

to verify the previous assignment of pm143 and to discover the activities

belonging to the other mass numbers 0 The length of bombardment was

not sufficient for the 30 yr activity of pm145 to be formed in large

enough amounts to be observed? but indirect confirma tion in the form

of absence of another predominant activity was obtained. \rV"herever

there was a sufficiently high counting rate to permit it? decay data
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was 'supplemented by absorption measurements and observations on the

crude beta spectro~eter. Pm146 was found to be a long half-life nega-

tron emitter from these measurements and cross section consideration9

and pm143 and pm144 were both shown to be decaying by orbital electron

capture with half-lives between 200 and 400 dayso No alpha counts

were observed (Table 9)0

Measurements---'
The decay curves (Fig, 21 through 25) of the five samples previously

described did not lend themselves to obvious resolution9 especially

since in no case was the longest component observed for a sufficiently

extended period to make its half-life definite. Each curve was found

to be resolvable into several sets of half-lives and the set which gave

values corresponding most closely to the kno'Nn 161 min, 54 hr, and 503

day decays was chosen. It cannot be elnphasized too strongly that the

following results are subject to change on a better knowledge of the

long half-lives.

A summa~ of the half-lives obtained in all Nd + p bombardments

is given in Ta.ble7. The cross sections given in this table are not

divided by the fraction of the parent isotope in the original sample.

Those given for the short and medium~short decays assume the ratios

found for the 161 min Pm150 and the 54 hr pm149 (page 41), whereas

those for medium-long half-lives assume the ratios for the 5.3 day

Pm148 and the 42 day pm147-l48 (page 49)0 The cross sections in the

long half-life column were calculated as follows 0 aEC was calculated

as if all the long activity arose from orbital electron capture with

the ratios observed for Pm143 (page 59)} while ap B.ssumed that the

activity consisted of ~Oo8 Mev beta particles alone.



Table 7

Half-Lives and Cross Sections (Barns) Uncorrected for Sample Composition from Nd + P Bombardm:mts

I
0"
Cf

Sarople Short Medium short Medi1Jro long Long
Enriched

in
Tl/2

"" c:r

"" Tl/2
""::r

1/2
""'<:::r-

""Tl/2
"'-'<:r "" cr

142 161 min 2 x 10"'6 42 br 2 x 10"'6 503 d 7 x 10...6 266 d 5 x 10""3 4 x 10...5

143 fJI 1 :i 10=5 15 hr 1 x 10-6 6 d 6 x 10=6 288 d 1 x 10=2 1 x 10=4

144 It 8 x 10-6 13 hr 4 x 10...6 503 d' 3 x 10=6 288d 9 x 10-3 7 x 10-5

145 It 1 x 10-5 21 hr 8 x 10-6 6 d 4 x 10=5 285 d and 2 x 10...2 1 x 10-4
longer

146 tl 5 x 10-6 60 b:r Ix 10-5 ,503 d 4 x 10-5 n 4x 10-2 4 x 10-4

5o3d 4 x 10-3
148 tI 1 x 10-4 42a 2 x 10"'3 307 yr 4 x 10-3

150 " 4 x 10-3 54 br 3 x 10-3
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Aluminum absorption measurements on the activities of intermediate

and long half-lives from Ndl46 + P bombardments indicated a particle

with half-thickness ~154 mg/cm2 (2.35 Mev) (range -1300 mg/cm2, 2036 Mev) .

and another with half-thickness N20 mg/cm2 (0.6 Mev) (range N88 mg/cm2,

0.3 Mev). This supports the assumption that intermediate activity is

the 5.3 day Pm148 (Fig. 11). The crude beta ray spectrometer indicated

the sample emitted negative particles only and confirmed the absorption

energies. Examination on the scintillation spectrometer61 showed a weak

0.8 to 0.9 Mev gamma and strong comp~nents at 005 Mev and at 0.67 Mev.

The 0.8 to 0.9 Mev value agrees with the -1 Mev found for pm148 and with

the 0.8 Mev previously assigned to it. The lower energy components

may be annihilation radiation, Compton radiation for the 0.9 Mev gamma

or lower energy gamma rays. K x-rays were also observed.

Aluminum aboo rption measurements on the long component of the sample

prepared from Nd146 + P bombardments (Fig. 26) yielded a particle with

half-thickness -30 mg/cm2 (0.76 Mev) (range 250 mg/cm2, 0.72 Mev).

L x-rays were observed but there was not sufficient activity for a lead

absorption measurement or a crude beta spectrometer inspection. Assuming

a 1 percent counting efficiency for the K x-ray and gamma background,

the following ratios were calculated.

-0.8 Mev beta particle: Lx-rays: K x-rays and gamma rays

Q).2 0.3 1.0

The bombardment of neodymium enriched in Nd145 gave such a low

level of activity that measurements other than decay were not quantita-

tively performed. Qualitatively, a marked resemblance to the results

for Ndl46 was observed. Aluminum absorption measurements on a sample
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from Nd145 + P bombardments iunnediately after bombardment with the data

corrected for 161 min decay (Fig. 27) indicated a particle with half-

thickness ",,132 mg/cm2 (2.0 Mev) (range 1'011.00g/cm2, 2.1 Mev). The

difference between this line and the experimental points could be inter-

preted to be a pg.rticle present in low yield with range ...5.5 mg/cm2

(0.24 Mev). This, however, is dubious.

The short and medium half-lives produced from Nd144 + p, Nd143 + p,

and Nd142 + P bombardments are similar to those of Nd145 + p.

Aluminum absorption measurements of the long lived activities in

both Nd144 + p (Fig. 28) and Nd143 + p (Fig. 29) yielded beta particles

with range 1'01270mg/cm2 (0.74Mev). L x-rays were also observed, but

there was not sufficient activity for lead absorption measurements.

Neither could the crude beta spectrometer be used. Assuming a 1 percent

counting efficiency for the K x-ray and gamma background, the following

ratios were calculated.

Samples from the Nd143 + p, Ndl44 + p, Nd145;+ p, and the Nd146 + p

bombardments were examined on the pulse discriminator type gamma spec-

trometer with the following results.

Nd K x-rays: 0.17 ! 0.02 Mev 0.45! 0.02 Mev 0.69! 0.02 Mev
gamma ray: gamma ray: gamma ray

Nd143 + P
1.0 . 0.1 0.08 0.08

+ + +
Nd K x-rays: 0.18 - 0.02 Mev 0.43 - 0.02 Mev 0.61 - 0.02 Mev

1 gamma ray: gamma ray: gamma ray
Nd 44 + p

1.0 0.6 0.2 0.3

Sample ",,0.7 Mev beta: Lx-rays:K x-rays and gannnarays

144 0.008 : 0.4 : 1.0

143 0.004 : 0.5 : 1.0
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+ + 6
+

Nd K x-rays~ 0.18 - 0002 Mev 0042 ~ 0.02 Mev 0.1 - 0002 Mev
gamma ray~ gamma ray~ gamma ray

Nd145 + p
1.0 0.2 0009 001

+ + +
Nd K x-rays~ 0016 - 0002 Mev 0.44 = 0002 Mev 0074 = 000~ Mev

146 gamma ray~ gamma ray~ gamma ray
Nd + P

1.0 0.7 0.4 002

For comparisonY s sake the result of a similar examination of a sample

from prl41 + a bombardment given in the preceding section is repeated.

Pr141 + a

+ + +
Nd K x-rays: 0.16 - 0002 Mev 0045 = 0002 Mev 0062 = 0002 Mev

gamma ray~ gamma ray~ gamma ray

100 006 0.2 0.3

Samples from the bombardments of Nd145, Nd146!J and Nd148 were

examined for alpha emission!} but none was observed 0

Assignment s

The cross sections given in Table 7 were corrected for the percentage

in the total sample of the isotope for which they were calculated. To

facilitate comparison, the resulting values for each sample were then

divided by the cross section for the production of the 161 min activity

from it. The previous assign1Ilents of the 161 min, 5.3 day, 42 day,

and 3.7 yr activities were used to calculate the first four columns of

Table 8. The results are in agreement with the previous assignments.

Their variation is to be expected in view of the uncertainties of the

bombardments. The cross sections for the reactions producing activities

with 10 to 60 hr half-lives were calculated using the half-life observed

in eaCh case but corrected as if all these activities (see Table 7)



Table 8

Corrected and Nornalized Cross Sections for Nd + P Bombardments

Sample
Enriched

in

~ For Production of Activity
161' min 50:1 d 42 d
:an150 :en148 :&148-147

307 yr 10 to 60 hr long long long long
nn147 Bn149( ?) &146 Lx-rays K :x~ra.ys + L and K x-rays +

Y rays Y rays

5400

0..2 100., 103003

001 1100 64,,0 7000

3300

001 156.02600 18500 8
~
~

142 100 208 100

143 100 0..4 001

144 100 002 005'

145 100 1..4 008

146 100 101 200

148 100 108 009 108

150 100 0..8
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were th e 54 hr decay previouslyassigned to pm149 ~-The valu.e-s .~hus

obtained lead to the conclusion that in spite of the variation in half-

life observed, these decays are due to the reaction Nd150(p,2n)Pm149

in each case. It was assumed that the 12 t.o 20 hr activities observed

for samples enriched in Nd143 through Nd145 were due to a 12 hr positron

decay of prrf-43, pm144, 0 r p~45 . This gave cross sections va~ing by

factor:s of over one hundred . Thus it was concluded that the variation

in the half-life was due to the great uncertainties of the resolutions

of the decay curves and that all decay with half-life between 10 and 60

hours was due to pm149. The cross sections support this assignment

since they agree well considering all the sources of error present.

The cross sections in the column headed "long, pm146n were those. cal-

culated for the 007 Mev beta particle observed in the long half-life decay

using the ratios found in absorption and assuming a 285 day half-life.

The values were corrected on the assumption that this activity was formed

from Nd146(p,n)PmI46 reaction. This choice, based on the values of a~

in Table 7 and on comparison of the absorption ratios, is justified by

the consistency of the results. The factor of 10 between the cross

sections for the formation of Pm150 and those for the formation of pm146,

serve as a strong indication that the half-life of pm146 is longer than

285 days. A particle of similar energy was observed in low yield in

Prl41 + U bombardments. If it is assumed to arise from the decay of

pm143 , it explains the fact that the calculated formation cross section

of Pm146 from the sample enriched in Nd143 is 0.2 millibarn instead of

0.1 millibarn.

The last three columns were calculated on the assumption that all

the electromagnetic radiation was emitted with a 285 day half-life by
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Pm143 The L x=ray and K x=,ray plus gawJi1a ray cross sectionswere cal=

culated from the ratios observed in the absorptions 0
The last column

was obtained by assuming an average counting efficiency of 1 percent

for the total electromagnetic radiation 0
In the cases of Nd142 + P

and Nd145 + P bombardments where absorption measurements were not possible9

the formation of pm146 with a 0"2 millibarn cross section \-'las assumed"

The contri bution of beta decay calculated from this was subtracted-from

the total decay arid the cross section for the production of Pm143 with the

net decay calculated as before 0
The result of t.hese maneuverings is far

from conclusive since the cross sections for Pm143 vary with factors of

over one hundred 0 Even if a portion of the electromagnetic radiation

is assigned to pm1469 there are still large discrepancies9 and indeed,

it was .found that the only assumpti.on which brought uniform results was

that the long lived electromagneti.c radiation belonged to all isotopes

from pm142 to pm146 0 It need not be pointed out that these results are

very puzzling 0

The results of the gamma spectrometer investigation of the samples

shed some light on the problem 0 The great similarity of the energies

in all five samples makes interpretation difficult9 but this much is

obvious 0 pm143 emits principally K x-rays, little or no 0017 Mev gamma

raYSj probably some 0.45 Mev and some 0069 Mev gamma rays 0

pm144 emits

K x-rays, 0017 Mev9 0043 Mev9 and 0061 Mev gaDmk~rayso The electrornag-

netic radiation of the Nd145 + P sample is a mixture of that of pm143

and pm144 That of the Nd146 + P sample seems to contain not only a

simila.r mixtureS' but 0016 Mev and 0044 Mev gamma rays belonging to pm1460

The sample from th e Pr141 + Cl bombardment is seen to be Pm14.4 at least
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predominantly 0 Thus the empirical excitation curve must be reinterpreted

as being the sum of the Pr141(o,9n)Pm144 and the Pr141(a)\2n)Pm143 exci-

tation functions. The 285 day half-life observed by Hicks and \vilkinson28

is probably the sum of the half-lives of pm143 and pm144 which are of

that order of magnitude and too similar to be resolved 0 These hypothesis

will be checked by peripdic. repet~tions ..ofthe gamma -spectromete~ investi-

gatiori's{for' summary, .see. Ta:ble-' 9)'0

E. Short Proton Bombardments of Neodymium Enriched in Nd142

Wilkinson and Hicks28 have set an upper limit of 5 minutes on the

half-life of Ndl42 from the results of the pr + a bombardrfients they
.

performed.

Pr + a bombardments in the present work (Part III-C) yielded only a

doubtful 2 to 3 min activit Yo When Nd142 + P bombardments of one or more

hours duration (Part III=D) did not result in an activity assignable to

Pm142j calculations were performed (Part IV) which indicated that this

isotope is a positron emitter and that its half-life .is of the order

of magnitude of minuteso Thus it was attempted to observe such an ac-

tivity by 10 min Nd142 + P bombardments on the 60~inch cyclotron 0
The

lack of results prompted a transfer to the linear accelerator and an

11 Mev bombardment energy. A 10 min positron emission was foundj and

attempts were made to characterize ito In the process of thesej howeverj

chemical separations proved that the activity did not belong toa rare

earth isotope0 Thus it was concludedthat it belongs to N1304 Subse-

quentlYi bombardments at energies of 32 Mev and 20 Mev were found to

produce a 20 min positron emitter ~ssigned to Pml410
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Measurements

A 1000 !'O03 min activity alone was observed on four occasions

from 10 min bombardments of Nd142 by 906 to 1006 Mev protons from the

linear acceleratoro The crude beta spectrometer indicated a positron

decaying l~th a half-life of that order of magnitudeo On a fifth bom=

bardment careful chemi.cal separations invo~ving hydr:-oxide, fluoride,

and oxalate precipitations proved conclusively that the isotope was not

a rare earth.

A 2000 ! 100 min activity (Figo 30) was observed from 10 min bom-

bardments of Nd142 by 32 Mev and 20 Mev protons from the linear accele-"

rator. This activity was proved chemically to belong to a rare eartho

Examination on the crude beta spectrometer showed a positron with

energy of 204-208 Mev (Figo 31) decaying with a 20 ! 5 min half-life.

Assignmen~~c....

Since the 20 min positron emitter has a production threshold greater

than 12 Mev, and since it is observed in substantial yield at 32 Mev,

it is almost certainly not produced by a Nd(p,n) reaction. Tentative

assignment to Pm141 from a Nd142(p,2n) reaction was made. This is con-

firmed by the non-observal of this isotope in the Pr + a. bombardmentso

Since no activity assignable to pm142 has been observed, an upper

limit of 2 minutes can be set on its half=life if it is short 0

is long, the lower limit is 102 years 0

If it

These probabilities will be

discussed in Part IV (see Table 9 for surnma~).
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IVo CONCLUDING REMARKS

There are many ways to verify a theory such as that of nuclear shell

structure and not the least of these is that assumption of the theory

gives a coherent picture from a set of data.

The experimental work irlthis paper was not uniformly conclusive,

but it was found that Maria M~yeris theory offered reason~ble explanation

for some of its uncertainties. Conversely, the reliable data was. found

to agree with the theory.

This section deals with the attempts made to connect theory and

experiment. The combined results from both are summarized in Table 10.

A. Pm14l

II 5
A calculation using a modified form of the Weiszacker equation gave

. 141 141
2.9 Mev as the energy dlfferencebetween 60Nd8l and 6lPm80 0

case of positron emission, 1002 Mev must be taken from this for the

In the

two electrons lost. The observed positron energy of 2.4 to 2.8 Mev

may be explained by an increased binding energy for the 8lst neutron

which wquld add to the ordinary calculated value.

Since 59Pr~;1, 63Eu~~1, and 63Eu~63 all have their odd proton in

the 2d5/2 state,21,22 it is probable that the odd proton of the promethium

isotopes will also be in this state.
Thus the configuration of 6lPm~61

will probably be D5/2 since paired nucleons do not contribute. Analogously
21,22

to 56Ba~i7, 60Nd~tl should have its odd neutron in the 2d3/2

The decay of 6lPm§~1state and its configuration will then be D3/2.

to 60Nd~~1 thus is allowed, involving a spin change of one and no

parity charge (61 = 1, 6L = 0). For a promethium isotope emitting a

2.8 Mev positron with a 20 min half-life, log ft = 5.3. Since
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log ft = 408 to 505 for an allowed transitionj theory and experiment

are seen to agreeo

Bo Pm142

When no activity belonging to Pm142 was observed from 2 hr bombard-

mentsj the following calculations were made to estimate its half-lifeo

" 5
A calculation using a modified form of the Weiszacker equation gave the

'O ff -- - - ,--t T\Td142 "r,J n_14.2 -- ", , 'U6--
energy al 'erence oe 'Ween beY" \32 eulU bl.LlIlsi Ct.t>:J 0.L .lWlvV0

1\T,.J142

Since 60nuS2

has a closed neutron shell and thus probably greater binding energy,

the energy difference if anything else will be greatero Wi th so much

energy to be lost in decay~ positron emission would be greatly favored

over orbital electron captureo

The energy -of the positron emitted by 61Pm~t21 the total decay

energy minus 1002 Mev for the two electrons lost~ was assumed to be

201 Mev and the transition was chosen to be allowed to calculate a

minimum half-life 0 LoglOf = 204 was obtained from the graphs of Feen-

berg and Trigg68 and since loglOft = 408 to 505 for an allowed transition~

a minimum half-life of 4.2 to 2100 minutes was found for the decay of

142
61Pmgl 0

Nordheim69 has given a set of rules Which make it possible to

discover the coupling of the total spins of an odd proton and an odd

neutron in a nucleus 0 For instance, 61Pm~~2 has an odd neutron which,

by analogy to the odd ~ffiltronof 56Ba~i7~ should be in a 2d3/2 state021,22

As discussed in Part IV-A, the odd proton will be in a 2d5/2 stateo

Since Nordheim postulates that the total spins couple with the's vectors

in the same direction, the situation is as indicated in the following

diagram 0 The resultant total snin is
I 5/2 .. 3/2 1= 1 and the resultant
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Ii
j

2 1/2

angularmomentum I 2 = 2 I ;:;: 00
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2d3/2

if
2 1/2

Thus the ground state of pm142 should he

an 31 statewhich would decay by an allowed tran sitton (6L -0;;: OJ - 6t ~ 1)
, 142

+,... +1-.0 C! ""'''''''''' nA ''''+'''+150 "'~ 't..T,4

vv vue> uQ 5-1.UI.,U.u. OIJQ,\,'e> V-1. 60...\lY.82 0

1f9 however 9 we consider another odd=odd isotope with 81 neutronsj

57La~i8 9 anotherpossibility becomes obvious 0 5fa~{8 decays both by

negatron emission and K-capture or positron emission with a half~life

~lo2 x lOll years70 but ~3 x 109 years since it is observed in natureo

According to MayerJ22 the 57th proton should be in a 2d5/2 state9 but is

observed to have nuclear spin 7/20 Assuming that the 61st proton of

61Pm~t2 is ana~ogously in a]g7/2 state;1coupling wi th the 2d3/2 ~tate of

the 81st neutron will occur as indicated 0 The r~sultant total spin is

197/2

i t
4 1/2

2dJ/2

11
2 1/2

17/2 + 3/2 1= 5 and the resultant angular momentum 14+ 21 = 60 Thus

an 15 nuclear state could be postulated for 61Pm~t2 and a highly for=

bidden (~L = 69 ~I ~ 5) transition to theSo stateof 60Nd~~2results0

Since promethium has not been observed in nature9 the upper limit for

its half-life is 3 x 109 yearso
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WO pOSS1 11..1 16S beoom6 eVl 'er~t, ;'01: tris JJ~;c;ay olm - lroffi ""t1e

experimental limits and the above t'onsicierationE:L Either Pm142 decays

by positron emission with half=life than 2 rro..Y1utes (in which case

the energyof the pasitron must be greater than '2,.6 Mev) $ or it decays

by positron emission or electron capture with a half~li:fe between 102

and 3 x 109 yea~so

The description of the reasoning in the preceding :paragraphs is

detailed to serve as an exarnple <>
In the sE'ctionsmuch of the

detail ldllbe omi ttedo

c c Pm143

Since the decay

p lh3 oec ~'Y >, , Nd143
61 ma2 285 d' 60 83

involves the addition of a single neutron to a closed shel19 the 2 Mev

decrease in binding energy ,-.for' the single neutron given by Suess (Part) I-B)

must be takenfrom the 0086 Mev of decay enf~rgy calC"~11ated from the
ii

Weiszacker equation. Ei the I" the above calcula is badly at fault

or the observed decay is from an ex~~ted level of the 61P~~3o

the first excited level would be at a ll1'G.ch grea'ter energy- than the

Since

ground state 9 it would be expected to decay instantaneously by gamma

emission 0 Thus in this case)! observation and calculation cannot be

reconciledo

In order to see if the 006 Mev elect:r-on ob served in the pm143 decay

could be due to internal conversion;, the K conversion coefficient for

a NOo 7 Mev gaII1Il111 ray was calculated from the relationa~Z3 and the

curve for Z = 84 given by Fer.mi;71 A value of three electrons per
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thousand gamma rays was obtained whereas 17 electrons per thousand

gamma rays were seen (Part III-C) 0 Considering the approximate nature

of the cal culation this constitutes an agreement 0
Thus the electron

is postulated to be an NO.64 Mev K conversion electron for a 0.69 Mev

gamma ray.

Do pnf44

. . l~ l~
The mass dlfference between 60Nd84 and 61Pm83 was found to be

2.05 Mev which would be decreased by 0.6 Mev due to the change from

two to one open shell neutrons. This may be calculated from the values

given by Suess, e$goy the binding energy of the two neutrons above the

closed 82 shell in 6QNd~ft4 is decreased by 103 Mev each while that of

the last neutron in 61Pm~~ is decreased by 2.0 Mev, yielding a

206 - 200 = 006 Mev difference. SimilarlYJ the energy difference between

6zS~~4 and 61Pm~~ was calculated to be 000 Mev from the Weisz~cker

equation plus 2.0 Mev for the decrease in binding energy of the 83rd

neutron of the promethium.
Thus it would seem that 61Pm~~ should

decay by both electron capture and negatron emission. On the basis of

the various bombardmentsJ the half-life of this isotope for electron

capture should be not less than 200 daysJ and for negatron emission,

not less" than 102 yr if it occurs at all. This indicates a high degree

of forbiddennesso If it is assumed that the 83rd neutron is in the

first configuration following the closed shell (lh9/2)' the coupling

will be as indicated and 61Pm~j4 will be in an F2 state.
Since both

Ih9/2

r 1

2d5/2

r 1
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6a~d~~4 and 62S~~4 are in the So stateJ lowest level to lowest level

transitions would be second forbidden (AL ~ 3,61 = 2)~ Actual occurrence

of this is very unlikely since g~rnma rays are almost certain to be

emitted, but the possibility of a highly forbidden decay is indicated.

.., ~

. '..: :",' .:~~ ;~'>pm1~'5 '.r":. ".:',';. '. '"

The massiirr eredc~ b~tw~e~' 6blfd~~an;r.6ipm~t5'i13; ~6:1'kevbut
c ~T.lb.i) ., ,."..., t' - ...

- . 'L..

Slnce 6d~d85- has one more open sne~L neutron ano ner L flev must ue

Decay from a higher level of 61Pm~t5 must be postu=

lated, and even so it is not surprising that no gamma emission is ob-

taken from this.

served with the orbital electron captura. It is surprising, however,

that there is not an isomeric transition to 'the ground state.

No choice will be made for the state of 6lPm~~5, but the ground state

of 60Nd~~5 is chosen to be H9/2 (Fig. 32a).

146
",F ..Pm,

The charge of. the part..~.cl:_e,,'emittedby 6i,pm~;~~ was,r:?~ S'Btablished

experimentally.Thus it could decay to 60Nd~~69 a naturally occurring

isotope, or 62sm~t6, which has not been proved beta unstable.

absence in nature is probably explained in that it is an alpha emitter

with half-life less than 3 x 109 yr. This has yet to be proved. In

any case~ 61Pm~;6 could decay to either of its neighbors.

Weisz~cker calculations combined ~th the open shell neutron

Its

criterion gave 1.12 - 0.6 = 0052 Mev for the energy difference of

146
60NdS6 and

and 61Pm~ ~6 .

146 146
61PmS5 ' and ?93 + 200 = 2.93 Mev for that of 62Smg4

Th-~,s j.f deC8.!"to" 6bN~~~9'<'Qcc1ir$;'';'i~.' i~::by orbital
,-,," '''''',< ..': "" -.."'.',,,..,:>."{r,.,"..'," " ,.'. .

electron captur'e'j a'i'ld':i't maybe cof1ciud'e~:"tryCl.t,..t~e'partfi.cfeobserved

was a negatron.
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It is possible to show that the particle observed can be a negatron

. 67 150
by a "closed cycleH type calculatlon. Rasmussen has found that 64GdS6

decays to 62SJg~6 by emitting a 207 Mev alpha particle. 63Eu~t7 emits

a 2.88 Mev alpha particle,67 and sinceit is a first approximationrule

in this region that the decay energy of a given isotope is roughly

0.8 Mev less than that of an isotope three mass numbers higher9 63EU~~0

should decay to 6lP~~6 by emitting a 201 Mev alpha particle 0 Concurrently

with the experiments discussed in this paper9 a sample of 63EU~~0 was

examined for negatron decay. The maximum decay energy of this isotope as

determined from a Fermi-Kurie plot on beta spectrometer data9 was 1.76

Mev 0 It thus becomes possible to calculate the total negatron decay

energy of 61Pm~;6 by closing the following cycle 0

Gd150
4 86

~o 76 Mev

~ ~ 1'50
63Eu87

a.

146

62Sm84~
6 Pm146
1 85

This yields a total decay energy of 2.3 Mev for 6lPm~~6, and thus not

only the 007 Mev negatron observed but also 1.6 Mev of gamma rays are

possibl~L
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Assuming that the 85th neutron has a Ih9/2 state9 61P~;6 like

61Pm~~4 has a lowest state F2° Negatron emission from this would not

go to the ground state of 6i3rn~t6 but to a level 2.2 Mev higher (Fig. 32b).

Since loglOft ~ 806 for E~- ~ 007 Mev and t = 285 days9 the transition

is second forbidden 0

.," :

- ". :.'> ~'G ", '14
7

0 Pm,

The mass equation together vdth the open-shell neutron criterion

give -0024, + 006 = 0036 Mev for the energy difference between 62sm~;7

and Pm147
61 86 0

'rhis is in reI1k1.rkably close agreement with the 0.223 Mev

energy of the negatron solely emittedo It is tempting to say that the

effect of the open=shell neutrons is 0014 Mev weaker for the 86th neutron

than for the 84th9 but this is putting too much weight on the theoretical

value 5 0

LO~oft = 706 and so the transition is either first or second for-

bidden 0 If the 85th neutron is again assumed to be in a Ih9/2 state9

th S 147 0 0 H h
' -

t' " t ' P' 147 0 0 D t t
en 62 ms5 lS In an 9/2 alves s a eo 61 m86 lS In a 5/2 s a e

. and the decay is theoreticallysecond forbidden (~L = 39 81 = 2)

(Figo 32c)J agreeing with the observations.

H 0 pm148

The energy difference between 62sm~~8 and 61Pm~~8 was calculated

to be 101 + 2.0 = 3c.lMev in the usual manner. Since 61P~~8 is known

to emit a 203 Mev negatron and a 008 Mev gmmna raY9 a decay from its

lowest state is indicated 0

Logloft = 9086 (t = 503 days and loglOf = 4020) and thus the
. ' ,

transition is a higher' f6rbi'dden..one (~L ~ 091; 81 = 3~4y etc.) 0
Since
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145
61PmS4 /" /'

/"
/' oee

/'

. 145 ~60Nd85 I 1/ I I I / / / H9/2

?

FI G. 320

146

~ 2 -
61PmS5 - - 0.7 MEV fJ--- oee - ---?

---~---? -- I
I I

Nd 146 i 'J ? 146 I 'J?

60 86 1 50 625m84 :

1

I " I , I I I S
O

I I I I

FIG. 32 b

147
61PmS6 D5/2 0.223 (r

Sml47 V///)//II/ H 262 85 9/

FIG. 32e

MU 3067

Possible simplest decay schemes for (a) 6lPm~t5; (b) 6lPm~~6;

(c) 61Pm~~7, 3.7 year isomer
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the assumption that the 87th neutron was in a 2f5/2 state gave good

results in the case of 62sm~~9 (see Part IV-I)it was also used here0

This coupled ''liththe 2d5/2 state of the .proton as indicated to give a

Po state 0 The ground state of 62sm~~8 is of course So (Figo 33a) 0

10 The 42 Day Pm147=148

The total decay energy for the 42 day isotope (Part III-B) was

207 Mevo At first this activity was thought to belong to an isomer

of 6lPm~~8 since an odd-odd i~otope in this region might very easily

have tit/Olow-lying states differing little in energy but greatly in

spino This would cause a gamma transition between them to be very highly

forbidden 9 and thus favor beta decay over isomeric transition for the

isomer at the higher energyo The total decay energy of the 5.3 day

isomer of 6lPm~~8 is 301 Mev, and thus if the 42 day aqtivity also

belongs to a 61Pm~~8 isomerj the levels are 004 Mev aparto Since the

measurements are not very accuratej this may even be considerably less?

increasing the plausibility of the assignment 0

A tentative assignment of the activity to an isomer of 61Pm~~7

is indicated only by a purely empirical consideration 0 The 3 0 7 yr

61Pm~~7 has frequently been observed without the 42 dayactivitY9 but

147
only as the result of the beta decay of 6aNda? (Table 3).

The 503 day

activitY9 however 9 has been observed without the 42 day activity from

2f5/2 2d5/2

1 1 I 1v

3 1/2 2 1/2
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bombar~~ents that produced 6lPm~~8 directly (Table 3)0

on which the 42 day activity were observed were both bombardments in

The two occasions

which the isotope could have been formed directly (high energy fission;;

Nd + p) and in l~ich it could have been given considerable excitation

energy. Thus it was concluded that the 42 day half-life could not belong

to an isomer of 61P~~8 or it would have been observed previouslyo As

an isomer of 61Pm~~7;; there never before had been enough bombardment

energy to produce it in company with the 307 yr isomer.

The assumption that the 42 day activity belongs to an isomer of

61Pm~~7 may;; however9 be shown to lead to internal inconsistencyo

Lo~oft was found to be 10094 for the 207 Mev negatron corresponding to

a highly forbidden transition (DL = 0;;1;;etcoj DI = 3949 etco)o The

007 Mev negatron had loglOft = 8034 and thus a second forbidden transition

(DL = 19395; DI = 2)0 The ground state of 628m~~7 has previously been

shown to be H9/2° An 81/2 state for the ~xcited 61Pm~~7 isomer was

found to be the best of several possible choices (the states available

21922
for an odd proton 50<Z<82 are 197/29 2d5/29 3d3/29 381/29 and Ihll/2)9

giving a highly forbidden (DL = 59 DI = 4) 207 Mev transition to the

ground state 0 The 007 Mev negatron emission was assumed to take the

nucleus to a F5/2 level of 6~m~~79 a second forbid~en transition

(DL = 3, DI = 2)0 If one quantum of 1 Mev magnetic dipole radiation

(I Ii - II = 19 I Ii + I I > 19 DL = 0) is emitted9 a F7/2 level would be

reached, and by emission of a second (I III - I 1= 191 III+ I I> I;; DL = 2),

'the H9/2 ground state (Figo 33b)0
(The states available for an odd

neutron 82<N<126 are Ih9/29 2f7/29 2f5/29 3P3/2' 31\/29 1i13/2o)21922

The percentages observed of each of the two decay paths agree with its
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relative forbiddenness (9206 percent for the second forbidden and 704

percent for the higher forbidden) 0
HoweverJ this decay scheme implies

that an isomeric transition between the two levels of 61Pm~Z7 has a

half-life long compared to 42 dayso The energy of the transition is

~2o5 Mev and the spin change is two with no parity change according to the

level assignments given above 0 Using. the half~life formula given by

Bethe,72 this transition should have a 7 x 10=11 second half-lifeo In

order for a 205 Mev gamma emission to have a half-life ~42 days? ~I ~ 79

and this is not possible for an odd-even isotopeo

If the 42 day activity belongs to an isomer of 61Pm~~~9 then the

decay scheme is as given in Figo 33ao No level assignments can be

attempted without further knowledgeo As previously discussed9 there

would only be a 004 Mev energy difference between the isomeric levels 0

It was calculatedJ therefore9 that there must be a difference in the

nuclear spins of the two levelso . This is entirely possibleo

J 0 pm149

The energy difference between 6~m~~9 and 61Pm~~9 was calculated

to be 007 + 006 = 103 Mev while the radiation emitted by 61Pm~~9 was

observed to be a ~l Mev negatron and a 003 to 0035 Mev gamma ray 0

The close agreement indicated a transition from the lowest state of

149 . 149
61Pm88 (D5/2) to the ground state of 62Pm87 0

The 87th neutron of the

latter was assigned to the 2f5/2 state9 giving a F5/2 ground state 0

Since lo~oft = 6094 (t = 54 hr) indicated a first forbidden (~L = 19

D1 = 091) negatron transition9 the level in which the emission of the

negatron left the nucleus was assumed to be a P3/2 state (L1L = 19 L1I = 1) 0

One quantum of 003 Mev magnetic dipole radiation (IIg = II = 19
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148
61PmS7'

?

~.2M

FIG. 330

147
61PmS6 I

I
,..,2.5 MEVI

~(?) I '~. I 1\12.7ME

~i3ml:!(~4°"
I

51/2
_n.7 MEV fJ- (92.6'0>

- F5/2
",IMEV-r

0.223 MEV

F7/2
,.., I MEV ~

- H9/2

FI G. 33b

MU 3068

Decay schemes for (a) 61Pm~i8, 5.3 day and 42 day isomers (?);

(b) 61Pm~~7,42 day isomer (?)
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IIY + I I> l~ 6L = 2) could be assumedto be emittedfinally taking the

nucleus to the ground state (Fig, 34a)0

K0 Pm150

The energy difference between 6zSm~~0 and 61Pm~~O was calculated

to be 2070 + 2000 = 407 Mevo The observed maximum decay energy was

'¥ 3 0 5 Mev. Thus it must either be assumed that the effect of the open

shell neutrons has been greatly decreased or that the a.ssignment of this

activity is at faulto In view of the approximations involved in the

theoretical consideration and the presence of seven open-shell neutrons9

the former assumption was choseno

Calculation of loglOft (t g 161 min) yielded 6078 for the 2 Mev

and 7.51 for the 3 Mev negatron emittedo Thus the former transition is

first forbidden (61 = 1~3; ~I = O~l) and the latter either first or

second (6L = 193; ~I = 2)0 Since this is the case of an odd=odd nucleus

decaying to an even-even9 assignment of the higher levels of the daughter

Lo pm151

The energy difference between 6zsm~~l and 61Pm~~l was calculated

to be 1057 + 006 = 2017 Mev 0 Rutledge and co=workers30 found a 2705

hr activity consisting of a 101 Mev negatronj a weak Ou615 Mev gamw4 ray

and a large number of lower energy gamma rays. Assuming the complete

transition energy to be the sum of 101 and 00615 Mev, it is again seen

that the effect of the open-shell neutrons must nearly disappear for

the 7th and 8th neutrons above the closed sheIla

is very difficult 0 The ground state of course is SO" Assuming the

89th neutron to be in the samp state as the 87th9 61PmO was chosen

to be in the Po state (Part IV-I) (Fig 0 34b).
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149
61PmS8 D5/2

. 149 --' .-p' ,

62SmS7 !.., () ~ M~\J~2
/ / / / / / / 17)7 F .5/2

FIG. 34 a

61Pml5089

150
62Sm88

Po

FIG. 34 b
MU 3069

Possibledecay schemes for (a) pm149. (b) pm150
61 88' 61 89
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Log it; 7078 for t ~ 2705 and thus the negatron emission is a
10

second forbidden transitiono The lowest state of 61Pm~gl is the D5/2

state while the ground state of 62sm;~1 is -FS/2 since the 39th neutron

has been seen to be 2f5/2 (Part IV-J) 0 If the negatron emission is

assumed to lead to a Pl/2 state9 it undergoes a second forbidden transi~

tion (~L = l~ ~I = 2)0 The Pl/2 state can then decay by the emission of

a 00615 Mev quantum of electric quadruple radiation (6L = 2 I IY = I 1= 2 I

I U + I I > 2) or by a succession of lower energy gamma rays 0

Mo Theoretical Considerations

The experimental and theoretical conclusions on the radioactive

characteristics of the isotopes of promethium are summarized in Table 90

The notation is the same as that used in Tables 3 and 40 All values were

found in the present experimental work with the exception of those with

footn?te indication 0 The designaticn (calc) indicatesthat the given value

was arrived at on theoretical considerations., Table 10 summarizes the

discussion of the results in connection with nuclear shell theoryo

~E(obs) is the experimentally determined decay energy9 t is the half-

life and loglOft is calculated from themo ~E(calc) is the theoretical

energy difference. The configurations and transition types are those

values found in the preceding sectionso

It has been shown that nuclear shell theory and especially the

rules for open-shell neutrons; make it possible to explain much that is

puzzling about promethium isotopeso The decay of pm145 and Pm143 to

what theoretically are heavier isotopes; is a possible exceptioTIj but

even this can be accounted for by applying Kowarski9s theory of the

inequality of n-n and p-p binding 0 ConverselY9 the success of the

theory is its vindication.
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S'\.'m:m9Xyof Results g Radioactive Cbaracteristics of Promethium IsotO]?es

Type of Energy of Radiation
A Class Radiation Half-Life Particles Electrorm.gnetic Produced 'by

141 b
+

2000 ! 100 min 204 208 Mev Nd142(p2n)

142
+ <2 min or

102 to 3 x 109 yr

143 'b K,L x-ray 200...400 d 006 Mev (aDs) Pr(a.,2n)

"(,e- 0064 Mev (calc) 009 Mev (a.DS) Nd143(p,n)
0069 (calc)

L a.rxl K x-rays
0..45,0.69 Mev (spec)

144 0
' K,L r-ray, Y 200-400 d 0.18,0043,0.61 Mev(spec) .Pr(a.,n) . I

Land Kr8oys Ndl44(p,n)
f-I
0
+-""
"

145 8031 K,L x-ra.y31 ...30 yr
31

low energy31 K and L ra.ys31 Sm(n,Y)Sm145 31 ]I;

e-(?)

146
=

285 d 0.7 Mev (abs)
146a. Nd (p ,n)

146 a 32 ."
long 00223 Mev (spec)38,39 Ndl48(p2n)

IDS
307 yr15,18,32 002 Mev

147 c , y 42:1d 207 Mev (aos )( 704%) ...1 Mev (abs) Ndl48(p,2n)
or K x=ra.ys ( ?) 007 Mev (abs)(9206%) "'009 Mev (aDs) 45
148 K x=rays( 1)

148 a 40 - 9 Y 503 -: 001 d 203 Mev (a'bs) "'1 Mev (a'bs) Ndl48(P9n)
IDS

K rays( 1) 205 Mev (8005)18940 "'008 Mev (abs) 18 $)40

K rrays( 1)

149 8ms41 = y +
L,O :Mev (abs + spec) 003 to 0035 Mev (spec) Nd150(P92n)p 5404 = 101 hr

K :x;=orays( i) K x=rays( 1)

150 D '" y 201 ! 0003 Mev (84%)(spec) "'104 Mev (aDs) Nd150{P9n)
K rays( 1) 161: 1 m;in 3,00 ! 0001 Mev (16%)( spec) ""003 Mev(aosJ K x=y:;(?)

151 a2? ., p y 27 2705 ht>2°1 'LeI Mev (spec)27 00615 kEnr(a'bsW63.kr7" Nd150(ni) y)27
(see Table 1) Nd151 =



Table 10

Application of Noole,s;r ShellThz01:-')f to the Dacay vi PrOl1'JBthhw I:$otopes = Surrrnary
-"",_.- - ,. . . -.-.-------------== - - -_.--._.

Configuration -En ConI i,gur'd.t ion IBugh tar

D€cay LlE(c'bs)
j..

logloft 6E ( 1" P n Nucle{j.L :p n Nucleu..s Transitionu
:.. OJ < -

&01.41 E_> NO.141 204=208 Mev 20 mia 503 209 /2
= D =

20.3/2 D3/2
allowed

61 80 60 81 5/2 LlL:= 0 LlI :: 1

42 > Nd 142 <2 min or 301 Mev
2d5/2 20.3/2 Sl

= =
So allowed

61 1 60 82

102 to 3 x 109 yr
197/2 2d3/2 15

= =
So highly forbidden

nn143 EC;> No.143 0069 Mev Y 200=400 d =1015 Mev =
1h9/2 Hg/2

forbidden
61 82 60 83 9

j-I
0

rml44 L> s 144 F2
2nd fo:rbid.dE;:n

\J

200 Mev
2d5/2 1h9/2

= =
So

!
61 83 62 ID82 LlL :: 39 61 =2

EC 144 2nd forbidden->
6"0.84 0061 Mev Y 200=400 d 1045 Mev

2/2' l1lg/2 F2
= =

SOy
6L :::: 3 j/ 61 :::: 2

45 . EC > Nd145 30 yr =2.1 Mev =
lhg/2 Hg/2

Ior'bidden
61 4 60 85

- 46 EC ILkS 1072 Mev
2dS/2 1h9/2 F2 So LlL :: 39 LH :: 2

61 5 y> 6d86

= =
,

L 146
0 .7 Mev - :::285 d 806 2093 Mev

2ds/2 lhg/2 F2 So 2nd forbidden
62S4

= =

LlL :: 3, LlI :: 2



Table 10 (Cont.)

ConfigurationBn Con£igura.ticn IBugh ter
Decay L1E(obs) t

10g10ft L1E( ca.lc) :p n Nucleus :p n Nucleus Transition

:an147 L Sm147 2 7 Mev -

}
{

10094
351/2

=
81/2

=
lhg/2

H / rgrer'forOidden

61 62 85
007'Mev - 42d 8034 9 2 L1L='S rss.:: 4
2 ( 100 Mev 'Y) 2nd :forbidden

L1L= 39 tU= 2

00223 Mev = 307 yr 706 0036 Me1r
2/2

=
D5/2

=
lhg/2 H9/2

2nd forbidden

L1L =3 f) L1I== 2

:aJ-48 L> SJ-48 203 Mev =

]

9086 3 .1 Me'v
2/2( 1) 2£5/2(7) FOC1)

= = S higher forbidden61 87 62 86
008 Mev Y 503 d 0

207 MeV=

}
[

10094 = = So

\ihigher'forCdden

,1
007 Mev .- 42 d 8.34 L1L=59 t:..I ::: 4

u
I-'

2(100 Mev Y) 2nd fo:t'bidden 0
a-..

= 3$) t:..I:e::2
i

49 L-. S 149 100 Mev =

}

6094 103 Mev
2/2

<=>
D5/2

=
2£S/2 FS/2

1st forbidden
61 8 ,. 62 7

003 Mev Y 54 br
L1L=19 {jI ::::1

SO S 1S0 2 Mev -

j
l 6078 407 Mev

2/2 25/2 Po
= =

So

(1st forcidden

61 9 62 m88
3 Mev = 7051 1st or 2nd
"'lc4 Mev Y 161 min forb idden
2("'003 Mev "()

:&151 = S 151

101 Mev - j

'1078 2017
2dS/2

,= D =
2£5/2 F;

2nd' forbidden
61 90 62 ffigg

"'006 Me'V Y 5/2 5 2
t:..L::: 1 $) t:..I ::: 2

lowe:r energy gamra
2705 hr.'

rayEi
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