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A STUDY OF THE ISOTOPES OF PROMETHIUM
Vera Kistiakowsky Fischer
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
ABSTRACT

Bombardments of isotopically enriched neodymium samples have been
performed with 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 60-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 ambiguities and to
estimate the decay characteristics of unobserved promethium isotopes.
Indirect confirmation of the theory was obtained in the coherence of
the results.

The following nuclides were characterized for the first time:

150

Pmlhl, Pm;hé, and Pm In addition, work on promethium isotopes

previously described gave results indicating errors in the assignments

of 1‘-’111]'2‘3 and Pmlhh and in the half-life of Pm;hg. The previous charac-
146 147 148

terizations of Pm~™", Pm were checked. A 42 day negatron

emitting nuclide was observed to be an isomer of either Pmlh? or Pmth.

, and Pm

Limits were set on the half-life of Pm142.



A STUDY OF THE ISOTOPES OF PROMETHIUM
Vera Kistiakowsky Fischer
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
I. INTRODUCTION
Promethium is one of the few elements which is not found in nature,

and it is for this reason that a study of its radiocactive 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 summarizing the results obtained

by previous experimenters.

A. History of Discovery

By 1925 the periodic table was complete except for the elements,
unobserved ir nature, at atomic numbers 43, 61, 85, and 87. 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 gaps,1 At least twice, discovery of element 61
was claimed and on these occasions the names illinium (I1) and floren-
tium (Fr) were proposed for it.2 More recent studies with vastly im-
proved methods of rare earth separation, however; indicate that these
early "discoveries" were erroneous and that promethium does not have
natural occurrence.3

The discovery of electron capture removed the reguirement of in-
stability greater than one electron mass for decay to a lower atomic
number. Thus Jensen1 was enabled in 1938 te predict on the basis of

Mattauch's rule that elements 43 and /1 have no stable isotopes. This

becomes obvious for 61 on consideration of Table 1.

8-



Table 1

Isotopesh of Elements 60, 61, and 62

Ele- Neutron Number ~

ment &0 &1 85 &3 8l 85 g6 &7 g8 29 50 91 32 53 9
sold 250 2‘33 BT Stable stable stable stable stable lré_d stable l'g_h"" stable 12;“1

P 285 d 30 yr 3.7 yr 5.3d 47 hr 27.5 hr

61 £C EC B~ B- = B-

(S stable 150 d stable stable stable stable 1000 YT gtaple 47 DT gpapye <25 min 10 br

EC B~ B~ g p™
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A mass calculation using a modification of the Weiszacker equation
gives A = 146.1 as the most stable mass number for Z = 6l. Since 61146
is an odd-odd isotope, either 61145 (N = 84) or éllh? (N = 86) should
be the closest to stability; however, Table 1 shows that both of these
have neighboring stable isobars. Thus, either one of the naturally
occurring isotopes of samarium or neodymium actually decays with a half-
life greater than 3 x 107 vears or the most stable isotopes of promethium
are not stable.

The discovery of element 61 did not come, therefore, with improved
methods of analysis alone, but rather with the development of particle
accelerators and piles. The first activity'attributed to 61 was produced
by Pool and Quill6 in 1937 from a Nd(d,n)6l reaction. This was a
12.5 hr beta decay which they thought to be 617" but which has not been
assigned since. It was not until 1941 that Wu and Segre? and Kurbatov,
Pool, and co-workers £ separately produced activities by various types
of bombardments which resemble those recently proven to belong to 61.

In an article reporting some sunposed activities of 61, Bothe, another
early investigator in this field, noted:11 "Tn the region of the rare
earths, the previous knowledge of artificial radiocactivity has been
sparser than in other parts of the periodic system, mainly because of
the difficulty of obtaining sufficientiy pure samples and even less
those of well known (rare earth) composition."

In April of 1946 the problem was solved at last! Dr. Coryell
disclosed that a 3.7 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



i

o

involving adsorption of a sample on the top of a column of cation exchange
resin and subsequent elution (selective de-adsorption) with an ammonium

) b A = g 1
citrate-citric acid buffer solution. Preliminary work was done by Ballou, 3

14 15

Goldschmidt and Morgan, and 3eiler and Winsberg

who found the activity
and proved it to be either praseodymium, neodymium or 61. Davi8515
discovered the parent of the 3.7 yr isotope to be an 1l day rare earth
activity which was confirmed by Hume and Martens.17 The method of sepa-
ration of the rare earths by ion exchange was then successfully applied

to fission products by Marinsky, Glendenin, and Coryellnlg They proved
that the ~1l1 day activity belongs to neodymium and that the 3.7 yr activity
belongs to its element 61 daughter, completing the official discovery

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

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

International Congress at Amsterdam in September, 1949.

B. DExplanations for Instability

The recent proposal of nuclear shell structure by Maria Mayerzohzz

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

promethium in nature. Many excellent articles have been written on this

23

subject, by Bal]_ou?3 Perlman, Seaborg, and Ghj’_orso,.2‘{‘L and Broniewski

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

Kowarski“” and Suess™' will be discussed since together they review the

problem well.
Since all isotopes of promethium cluster around the closing of the

26

82 neutron shell, Kowarski“- considered the effect that the proximity
of the closed shell has on the normal pattern of stable isotopes with

odd A, In general, this pattern consists 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 (Imax. stab.)' I is greater
than Ipay  gtap, for the first members of sich a group; corresponding to
a neutron excess, while the reverse occurs for the last members. The
proton excess finally forces the addition of two neutrons instead of an

n-p pair again making I greater than I stab. and starting a new

max.
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 0dd A IsotopeéhNear Promethium

N
N-2-1 ™99 80 a1 82 83 e, 85 86 a1 83
137 1,139 145 149 g5l
25 56Ba 57La 60Nd * 62Sm 63Eu
135 LVA R VX 147
23 56Ba sgPr 60Nd 5251'[1

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

gives S6Ba137 with I = 25. A n-p step follows giving 57La139 with a
closed 82 neutron shell. The addition of 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
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in the new shell. Because a p-p sten iz alse favored over an n-n sten,

Prl&lo

the next stable odd A isotope is 59 However, there is now a

proton excess and I is much smaller than I The competition

max. stab.
of this effect prohibits another p-p additidns and thus a p-n and an
n-n step follow in succession. At 6ONdlh5 ﬁhe effect of the antipathy
to open shell neutrons again becomes déminan£ and therefore the next
SUEHILE L555008 155 628mlh7 di fferitg by '.a"phﬁ' pair, rather than 61Pm147
differing by an n-p. This is Kowarskifs explanation of why there are
no stable promethium isotopes. A similar situation occurs at technetium,
and a generalization follows. "If a new 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 Z."

- Sue5527 gave an explanation on slightly different grounds. 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. Furthermore, there is no longer an
equivalence between even-odd and odd-even nuclei,; because the binding
energies of a nair of neutrons and a proton are less than those of a
pair of protons and a neutron. Thus for all ¥ > 50 > Z and N > 82 the
beta 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 2.0 Mev and that for a paired neutron,
by 1.3 Mev. The Bohr-Wheeler parabola for an odd value of A gives way
therefore at 82 neutrons 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 number of open shell neutrens. Thus the most stable configuration

for A

145 is Z = 62 (N = 85) rather than Zy = 61.3 (N = 85.7), while

for A = 147, 2, = 60.4 (N = 84.6). The effect is negligible, and the

most stable configuration is 2 = 60 (N = 85). Hence, Pml’!‘5 and Pmlh?

’
the most stable isotopes of promethium, are not the most stable members
of their isobar series.

These explanations are both highly empirical, of ocourse, 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
commection with the present experimental study, the material will be
amplified. These tables use the notation of Seaborg and Perlman.h

One isotope which the present bombardments were not designed to
produce will be mentioned here, however. This is put?l which until
October 1951 was postulated to be the 12 min negatron emitting isotope
found on neutron irradiation of neodymium.28’29 Then Rutledge, Cork,
and Burson ® reported its assignment to NdT7L. They investigated with
a permanent magnet beta spectrometer the activities produced in a sample
of neodymium enriched in Ndlso and bombarded by neutrons in the Argonne
pile. The 12 min activity was found 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 adsorbér). 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 assignment to-Nd151 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 work function differences and thus

it was assigned to the Pml5l daughter of the 12 min activity (Table 3).



Table 3

Certain and Probable Pramethium Isotopes Reported in Literature

at Time Present Work Was Begun

" Energy of
Type of Electromagnetic
A Class Radiation - Half-Life Energy of Farticles Radiation Produced by
143 B C s, 285 = 3 831 0.7 Mev B~ (abe) (1) 0.95 Mev (abs)3L Br(q,2n) 79031432
B=,(2)9,31 >100 d85° " ¥o aor p=31 0.67 Mev (abs)? Nd(d,n)7=10
~200 a7 0.74 Mevp = (abs)33 0.7 Mev (abs)10
350 410,32 0.72 Mev (abs)33
1,7 g3 K,L x-rays31,32
+
145 Aalc " EC,e (?) ~30 yr34 low energy>? Sm{n,Y)Sm b, B8
K,L x-rays34 (calc) '
147 By B Y ~4 yr13:28,36 ~0.3 Mev (abs)28 noy 18915 (el £ 13,14,15,
~3,715,18,35 229 + 1 kev {spec)40 S d
. Na(n,y)Na147 B "18,28
2.26 yrl5,36,38 227 £ 1 kev (spec)39 1233 (n. by
n, high energy
(cele fram fission 223 £ 1 kev (spec)1:42 ’ #1501 )
vield Sml47?) ~0.2 Mev (abs F)13-15,18
148 4" ™ 5.3 410:18,43 2.5 Mev (abs) 5% 0.8 Mev (sbs) 2+ U(n)18:%3
- ~2 Vev (abs)10 Nd(n,y)Nal B 43
Nd(dgml 10943
Nd(pgn}los‘ﬁ
¥d{a ,p)43
1_49 AESM a._.,‘{ eﬁ(?)iﬁ 4-? hr?gil 918,28 94594? 101 MBTF {abs}11918928 i 002 Mev (a.bs)45 Pu(n)“'?
x=ray 49 hr® 0.95 Mev (abs)” 0.25 Mev (abs, low U(n)18,28,44
intensity)18,28 _
50 hr33 0.98 Mev (abs)® x-raysi8 ;28,45 Nan,y)Nal4® £ 11,18,28
55 hrd4 . N
151 B30 pry2o»30 27.5 k30 1.1 Mev© 615 kev (abs weal)30 §a150(n y)walst B 29,30

64.7,65.8,69,6,39.9,

116.2,105.0,163,0,168.0,
177.0,208.3,231.9,239,9
275.2,and 340.1 kev{spec




Table 4

less Certain Promethium Isotopes Previously Reported in Literature

Typs of Energy of Electro-
A Class Radiation Half=Life Energy of Particies magnetic Radiation Produced by
142 B* or EC <20 min3? Pr(a ,3n)31532
<5 min3t
32
144 F B* 4.1 %01 w3l 1.3 Mev>2 Frin @)32
146-150 B B,y ® 42 % 1 %8 0.5 Mev (95%) ~0.9 Mev (abs)?® U(p,high energy) ™
~2,5 Mev (5%) (abs)®  no K or L x-ray® fission
146,149,150 T Bt 2,7 '8 2 ey (abs)™O 10,18 Na(d ) 10518
2,3 br8:28 Nd(p,n)10+18
¥ ope 10.3 a28 U(n)2® I,
F - 12,5 heb Nd(d;n)® ~3
¥ B* or F,y 16 ai0:18 1.7 Mev (abs)? Nd(d;n)i0.18 '
F B* or §~ 41 % 1 nr® 2.9 Mev (abs)® Nd(d;n)?
Nd(p,m)?
Na(Y,n)wE=®

Pr(p,n]l\l—tbg
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e e
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II. EXPERIMENTAL PROC_EDURES.
A. Discussion

These experiments were undertaken in an attempt to asceriain the
mass assignments of the promethium activities. The availability of
mass spectrographically separated néodymium J‘_s-;o’c.capes‘f‘Lg 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 was felt that the possibilitiés of Pr(a,xn)Pm bombardments
had not been exhausted by previous workers, this method was also utilized.
Assignments were to be made on the basis of the changes in cross section

with energy and by comparison with the neodymium bombardments.

B. Bombardments

Neodymium Targets

The chemical and isotopic characteristics of the separated neodymium
isotopes are given in Table 5. Théy were received and hombarded in the
form of the oxide (Nd203).

The bombardments were performed by the 60-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 S. G. Thompson.so The powder was placed in an envelope

rather than directly in the dish primarily because such small quantities



Chemical and Isotopic Characteristics of Neodymium Isotopes4
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were used. This method, however, also expedited the removal of the sample
and protected it from possible water leaks from the cooling system. The
target was bombarded in the deflected beam. Differential beam current
readings talken 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 approximately 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
sample.51 Though the potential bharriers 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 thaf of the 60-inch cvelo-
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 with 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 assembly was placed in the beam measuring Faraday
cup at the 10° port, aligning the target center with the beam. 1147 mg/cm2

of aluminum absorbers reduced the energy of the protons from 32 Mev to
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a narrow distribution between 10 and 11 Mev. In later bombardments, 700
mg/cm2 of aluminim ahsorbers were used to give ~20 Mev protons, or the

full energy protons were utilized.

Praseodymium Targets

Ten to twenty milligram samples of spectfoscopicalLy pur652 praseo-
dymium oxide53 (Préoll) were wrapped in platinuﬁ foil envelopes. These
were bombarded with alvha particles from tﬂe 60-inch eveclotron in a 'pistol
grip" tyne assembly in the same manner as the neodymium targets. Varying
thicknesses of platinum were used to cover the dish in wﬁich the sample
was placed. The alpha particles, reduced to appfoximately 37 Mev by
1.25 inch of air and 0.003 inch dur.-a.]_urm’.nu.:rt:l,h8 had energies shown in

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

Table 6
Energy of Alpha Parti¢les Striking the Samplesl
Platinum Dish Cover Fnergy of Alpha Particle
(inch) : _ (Mev)
0.50 x 1072 . 3545
1.25 x 107 o BT
2.25 x 1072 26.0
308 5 10_3 18.0
3.25 x 1072 | 15.2

The potential barrier of Pmlal

against alpha particles was calculated
to be 17 Mev, and the thresholds for the (a,n), (a,2n), and (us3n)

reactions were 3,3 Mev; 11.6 Mev, and 19.2 Mev, 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 for the detection of activities with

half-lives above one minute.

i ol

C. Chemical Separation

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 (a,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 might interfere with the studies are the
following.

From oxygen:
+

ot (p,n)F? — L

66 sec

18 p*

O18 N A
112 min

{P,H)F

+
2.6 yr

From carbonate:

+
10.1 min

i
c1?s13(y, xn)ot S b
76 sec

+
12134 xm)ots — B >
118 sec



From the platinum envelope:

Pt(u;xn}Hglgg *-;”EE“-}
..|.£1. min

and other reactions producing longer lived gold and mercury isotopes.

Chemical Procedure for Short Half-Lived 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 consumed three minutes for a linear accelerator assembly
and four minutes for a 60-inch cyclotron target.

In order to decrease the non-promethium activities, some samples
were chemically treated as outlined below.

a. Dissolve in concentrated HC1

b. Dilute and precipitate neodymium hydroxide with NH3 gas
c. Centrifuge and wash 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. A more
complete chemical procedure used on occasion was the following,

a. Dissolve in concentrated HNO3

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

c. Centrifuse and wash the precipitate

d. Dissolve in concentrated HN03 saturated with H3803

e. Dilute and precipitate neodymium hydroxide with NHB gas
f. Centrifuge and wash the precipitate

g. Dry on a counting dish

This required twenty minutes.
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Chemical Procedure for Qrdinary 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. 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
exchange resin. This was constructed by agitating Dowex A-1 resin5h
with concentrated HCl and then packing it into the tube of a funnel whose
end had been drawn to a tip (Fig. la). In the concentrated HCl the
precious metals and mercury form chloride complexes which are quantita-
tively adsorbed on the r'esin.55 The rare earth ions, however, do not
adhere appreciably. After washing any remaining fare earths off the
column with an extra volume of concentrated HCl, the acid containing the
rare earth sample was diluted and the hydroxide precipitated with NH3

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

for a cation column separation.

Rare Farth Separation

In cases where rare earth separation was desirable for positive
identification of an activity, the method of high temperature elution
from a cation exchange resin column was ﬁsed.

The application of the general method to the rare earths used in
these experiments was developed by Dr. K. Street, Jr.,56 Since the
particulars for separation of neodymium, promethium, and samarium have
not been given elsewhere, they will be detailed in this section. Figure

1h indieates the oneration 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 column for separation of the rare earth elements
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" the column and the elution folloﬁ.
(a) Resin bed:
Dowex 5051 resin, medium-fine grade
Height column: 22 cm
Diameter column: 1 cm
Free column volume: 12.4 cc
(b) Drop size: 0.045 cc or 0.0027 free column volumes
(¢) Temperature: trichloroethylene condensation point: 8700
(d) Eluant: pH 3.52 citric acid buffered with ammonium citrate:
citrate concentration 0.25 M. Elutions wére attempted
at other pH's and this alone was found to give both
adequate separation and speed.
The hydroxide sample was dissolved in a very small volume of 6 N
HC1 which was then diluted to 0.1 N hydrogen ion concentration.