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% CLASSIFICATION OF THE ENERGY LEVELS
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OF ODD-MASS NUCLEI IN THE HEAVY-ELEMENT REGIOR

F. 8. Stephens, Frank Asaro, and I. Perlman

ﬁaaiationkLaboratory
University of California, Berkeley, California

Juiy 22, 1958

¥ost of the data available on energy levels in odd-mass nuclei of the
_heaviest elements has been sumarized and evaluated. The observed levels bave
been classified according to the level dlagrams calculated by Hilsson for
nuclel vith prolate spheroidal deformations. Qualitatively, the agreement
between the dats and the Nilsson diagrams is very good. |
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CLASSIFICATION OF THE ENERGY LEVELS
OF ODD-MASS NUCLEI IN THE HEAVY-ELEMENT REGION

F. 8. Stephens, Frank Asaro, and I. Perlmsn

Radiation Lsboratory
University of California, Berkeley, California

July 22, 1958

INTRODUCTIQN

In the system of nuclel, regions of pronounced spheroidal deformmtion -
have been clearly recognized. In these regions, the Bohr-Mottelson unified
auclear model enjoyed an early grest success in describing the energy levels
and assoclated spectra,;particularly in delineating the effects of collective
modes of internsl nuclear motion. One major area of epplicability is in the
heavy-element region delimited approximatelﬁ by A > zz5. :

More recently Nilsson and others have characterized the energy

1evels of a particle moving in an axially-symmetric but nons pherical potential.

In the limit of high nuclear deformation Filsson has found it possible to de-
fine independent particle states in terms of a set of guantum numbers not
applicable to spherical nuclei. This picture of these states and the expected

. order of f£illing have already proved highly useful in correlating experirental

information pertaining to the appropriate odd-mass nuclei.

_ It 1s the purpose of this commmication to summarize, in terms of this
systenm of classification, emergy-level assigaments in the heavy-element region.
A number of the assignments to be listed have already been discussed in other
publications, and for these, detailed justiffication will be omitted.

The Nilsson representations for neutron and proton states in the region

A > 225 are shown in the diagrams of Figs. 1 and 2. The energies at which par-

ticular states lie appear on the ordinate axis, but this scale will oﬁly be used
here as a means of visualizing the order of filling of levels. The abscissa
scale indicates the deformation of a prolate spheroid in terms of a pérameter,
5, which also will not be used further. At zero deformation we see the typical
shell-model level structure for a spherically symmetric potential. The (2j+l)-

. fold degeneracy 1s seen removed as permanent deformation sets in, and at high
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deformation the levels (now two-fold degenerate) are described in terms of a
nev set of quantum numbers Indicated by the indices in the margins.

The origin of these numbers will not be described here (see Ref, 2)
other than to define formally the nomenclature. At high deformation the projec-
tion of the particle anguler momentum, §, along the nuclear symuetry exis be-
comes a good quentum numbef, and this aumber, f, is the observed spin in the
gbsence of rotational motion. The parity is designated (+) or (-) and depends

upon the even or 0dd character of the principle quantum number, N, the total
.number of nodes in the wave function. The numerical value of N is the first

integer in the brackets and corresponds to the oscillator shell of the shell

-model. The second number in the brackets is n_, the number of nodal planes

perpendicular to the symmetry axis; and the third number is A, the component of
the orbitalvangular momentum slong the symmetry axis. We will also refer from
time to time to the quantum number, K, which represents the projection of the
nuclear spin, I, on the symmetry axis. - For low~lying states, K and Q should be
equal, and in the following discussions we use the two more or less interchange-
ably. | | | |

It should be pointed out that for a particuler state, these asymptot
qn&ntum numbers are fully descriptive only in the limit of high deformstion.

The absence of "purity" of these quantum numbers is not of concern here because

(a) ve shall not be dealing with the consequences of théir impurity as they
apply to transition selection rules, and (v) ve are confining our attention to
cases of large deformation vhere these numbers 4o serve as the best means of
labeling different states. |

An example will serve to show how this system of nomenclature operates

-akd its application to spegiﬁié assignments. Consider the proton states desig-
" pated 5/2+ [642) end 5/2- [523) vhich lie close to each other at a nuclear
deformation described by & ¥ 0.25. (Author referencesfor the assignments of these

orbitals to the particular nuclear states will appear later in this paper.) By
counting from proton number 82, it 1s seen that these levels come in at approxi-

‘mately proton numbers 93 and 95 which characterize the elements neptunium and

americium. It is found that the state 5/2+ {642] is undoubtedly the ground

state of Np237, and 5/2- [523] is the growmd state of Aa®™L. The term [642)

defines the state asz follows: It comes from the sixth oscillator shell as cen
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be seen by its connection o the 113 /2 level in the spherically symmetric poten«
tial. The other 5/2+ states for N = & all lle much higher and none is shown in
Fig. 2. The highest has n, = O descending to the maximum velue n, = L vhich

applies to the state under aiscussmn The value 0f A can differ from f only by
1/2 end takes sn even or odd value as N « n, is even or odd. As a meane siiply

of designating states, the A quantum nunber is redundant as used here because

there can only be one 5/2+ state vhich has § = 6 and n, s he

The ground state of Amgul, 5/2~ {523] is seen to connect with the h9 /2

state of spherical nuclei mm is in the £ifth oscillator shell. The highest~
iying 5/2~ state possidle for N = 5 has n, = O and connécts with the i’s /2 state,

| the pext lowest bas n, =1 ([512]), and, ‘the cne under discussion here has n n, = 2.

Since we have N - 0, = 3 {0dd), A must be 3, f.e. 04 1/2.

Reespitnlatiug ; the asmtotic guantun numbers sppesring in breckets in
Pig. 2 serve to iﬂmztify the doubly-degenerate states shown in the dlagrams.
Because each state is only two-fold degenerate, 1t vmld be expected to appear
as an wnpaired erbital in a gromd state only for a smg,le nucleon number. How-

| _-ever ; the same state would appear ds excited levels for neighboring nuclei. Ope

night alsc expect from time to time that the saume configuration would repeat for

ground states ae the result of sn spprecisble change in deformation.

RES'K)LTS

'I‘ables l apd 2 summariee assi@mts of M.lsson levela for odd-peutron
and o&d‘proton configumtions 5. reapectively. In these tables the Nilsson levels

‘ are Msted across the top in order of increasing energy {(appropriate to the
© geformations shown by the broXen lines in Figs. 1 and 2) and the numbers appear-

ing in the tablés are the -energies of thesstates (in kev) relstive to their ground

states. The pattern 18 quite evident and shows that e particular assignment for

the gemmd state of one nucléus appesrs in eamitea states of neighboring nuclei.
The method of caaing the relisbility of the assignments is by meens of

. the pafant‘heses«enclosing t+he energiéé of the states. Absence of parentheses

indicates rather conelusive evifience; a single set implies a tentative assign-~
m@nt based on eubstantial evi&enee ;3 and double parentheses are used to signifly
that some evidence is awuabln but that much information is yet lacking. For
those entries which are un@erlined, the corresponding spin bas been determined



-6 - UCRL-8376

(™

'h wo( 3

J172+[620]
3/2+[622]
1172+ [606]
9/2+{604]
372-{716 ]
172- [750]
3/2-[752]

.
w
~
N

9/2-[615]

7/24613]
1r2-[725]

700

| /z-E7G| %
N3/2+[606

772+[624]
9/2-[734]
s5s2 +[622]

6.75 t/2+{631]

7/2-[743]
5/2+(633]
3/2 4[631]

6.50 5/2-[752]

32-[761

3/2 4 642}
172 +[640]

i13/72

' /2-[770
6.25[ ‘ C )

72 +[651]

J 1 | N ]
o) [oX] 02 S 03 S

MU-I5744

Fig. 1. Nilsson diagram for neutrons in the region 126 < N< 160. The
abscissa is the nuciear deformation (prolate}, and the ordinate indicates
the energy of the various levels. The dashed line indicates very roughly
the deformations thought to pertain for most of the nuclei discussed. -
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12 -[510])
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6.25 s fs,?» . /:_ESOS]
| . | ' / % -[512]
6.00- | " %2 +[624]

, _‘ s ~[521]

‘ -y 7y -(514]

e~
~ \

] = A - 72 +[633]
575 o ;o w-ls21]
/ % -[505]

| \\V % -(523]
N %+ [642]

550+ | ‘\.\\\m % -[530 )

Y2-(541)
Y2+{660]
¥%,-(532]
¥+ [651)

~d

MU-15745

Fig. 2. Nilsson diagram for protons in the region 82 < Z < 126. The
abscissa is the nuclear deformation (prolate), and the ordinate _
indicates the energy of the various levels. The dashed line indicates
very roughly the deformations thought to pertain for most of the
nuclei discussed. : '
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Table 1, Odd-neutron level aséignments
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Isotope

»372+.. 5]z« 5/ex  7/z-  1j2+  5/2+ 72+

(6321 f7s2] [6331 [(7h3] (631] [622] (62h]

57z
{734]

Neutron

nugpbeyr

36225
227
U229

137

Ra227

'Th229

U231
pg233

((0))

139

231

(233

C185%. o 39
(313) ((~300)) © ({400))

i

Lm

, Th233
e

Pu3T

cn?3

~0.1
145

Ro R

1&3

u237

239

szhl

392 (5:2)

oo ©
3
‘ [22Y

145

ye39
2hl

Cm?h3

cf2h5

0 172

147

n 243
2ks
2&7
249

ct

| ,(0)_
((631)) 255 ©

394

1kg

2k5
Cm
249

Fm?sl

247

151"
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- Tgble 2,

Odd-proton level assignments'
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Isotope

EER

[532] [651] _

172~ 5/ 24
[530] réua]

rz,,
[523]

?/ S

521] _

2+
t633]

7] 2-

[51&J

Proton

. humber

227

(0)

{336)

89

287

,(166)73 0

(~200)

(84)
0 (86)

91

((267))

ol1o o

Hes

93

{(580)) (287)
({180))  (206)
((263)) 8

1010

((630))

465

95

(393)

-(0)
0
(0)e

((~10))

97

99

101
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directly, but it should be po*nted out thqt this in itself does not conSuitute

" proof that the assignment is co*rect. ' ' ‘

A In the follcving paragraphs the asss.@zments made in Tebles 1 and 2 avre
discusoeé. briefly. A nunber of knovn muclel 1in the region have not Yeen
sufticiently mveeuigam to warmnt jnclueion; 1n particular, a large prapor-

) f,tio:a of known éxcited states have not been tabulated for want of sufficient

- information of the £ype needed to meke meaningful aa‘si@ment’s. In & sense, the
general mliabui by o;. the model can be gauged both by the orderly sequence of |
asgigoments and by the fact that in 0o case were acmzra'c«e data availlgble that
maicated e assigmnent» ui{;nificautly at vat‘iance with the e@eetations of the
theory. . . : o

In the 'dis'cmi‘siqm.which follow, the o@meutm ¢ases are considered first
and-are grouped asecording %o element. Following these are the oddsproton nuclei,
again grouped by element, The tables swamarize the data in terms of increasing
neutron}or proton numﬁﬁrs.-' |

3

ODD NEUTROW NUCTEL |
I

| 229 {ueutron numer 139). The growsd state of Th'2) is assigned 5/2+
[633] which comes in at bout. the expected place for nevtron number 139, This
assignment will be seen to be the same a5 thet for the groun& state of U233 and
was srrived at on the basis that the "favored alpha decay” of U233 lesds to the-
ground state of T2, 72057 Bonr, Frémsn and Mottelson® vere the first to give
thetretical grounds for assigning identical structures %o stutes that are
conpected by sn alpha émission Process whose rate obeys simple one~body alphae
decay theory. The grmmd-state trapsitions of even-even alpha emitters (both
states O+) provide the exz@irical basis. for defining "favored” or "unhindered”
alpha emission.

The resder is referred to the section below on U233 fer the assi,@mmzt
of 5/&+ [633) for ite ground state. The fact that ‘3.‘21229 and 6233 both heve the
seme ground-ttste configwations Luplies that the odd-psrticle state filled for
Tn229 is vecated vhen the particle becomes paired. Further information om lowe
1ying states srownd this newtxon ausber should help explain this repetition in
configuration. | B
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. %% has o nuiber of low-lying excited states defised by the alphas
spectrum of UZ33,- 5748 mnege Levels, up to sbout 350 kev, include mewbers of
the gx‘ounéwstate rotational band, but in addition there are s few which un-
aoubtedly consist of %her intrinsic configuraticns. By analogy with U233 the
configurations 5/2« (7523, 3/ {6312 and 1/%% [631] might de represented, but

thare $6 not enough mfmrmatian available to permit meking assignments.

. The states assoctated with neutron maher 139 ere discussed further

o under the section on 0231 ,

o 231 (neut.ron mmbez- m.) The assimnem.e for the levels of %331
 bave already been reported in brief form by Plger et al.? and are based
 studies of the alpha deday of U707 end the beta decay of T 23, Brieﬂy, the
" _arguments are as follows. ‘

‘ The grownd state of U239 15 almost surely 7/2- [743) (see below), and e

. favored alpha decay geea to & level in 'I‘hz‘% at 390 kev vadeh is, acceréin&;lyo '

4 gi'mn this essigmnt. M‘. gbhout 190 I&av there 15 a group of levels (at least
. 3) which probably .rmsenss_ & highly compressed rotational band. The /2~
‘i‘7b3’] atate at 390 kev .4rops t0 two or more merbers of this band by Ml tren-
sitions; therefore this band has odd-perity end spin 5/2 or 7/2 for the base
state. The only Milsson level mear the. 7/2« I7k3] state satisfying these cons

44tions 48 5/2- [752]. It is interesting to note that alpha decay to this band

15 only slightly hindered ond this is probably related to the fact that 7/ 2~

[783] (grownd state of U3%) and 5/2- [752) sre structurally simtlar. The |
compressed nature of the band et about 190 kev 1s thought to be due to the close
proxinity and stron'g interaction of these two old~parity bands. ‘The effect

referred to here was f'irs‘h worked out for another nucleus by Rerman. 10

, The states st about 3.98 Rev Grop to the ground staté hand by Bl tmaitians »

therefore the ground state has even pority ana the most iagical choice among the

Rileson levels is 5/2+ {633). Thie is the same a8 the ground state of U233 which
is not wrexpected because both havée the eame neutron mumber. Supporting evidentce

for this ground-state mssi@ment comes from the syacmg @f menbers of the grounds

state band® end from the beta décay properties of Tallt —> pa?3t, 11

Recapitulating, the ground state of %231 1s the expected state, 5/e+

(633); the state at sbout 190 kev is 5/2- [752}$ro&xcea by creating & hole in a
£illed level (see Fig. 1); snd the state at = 390 kev is; 7/z~ {743] which s
expected to be near because 46 will a;gpear as the ground stete foi neutron number 143.
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%33 (neutron number 143); ™33 go o ehort-lived beta emttter about

vhich very 1ittle is known. Nothing is known about ite excited states, and the

only information evalleble conceming i‘cs @mmd state is that &a:ived fron 1ts
beta-decay propérties, -

By snalogy with U235 and Pu237 one migm. guess tlmﬂ: the ground state is
either 7/2~ [743] or 1/2+ [631). The data of Freedmn and co-vorkers ® indicate
that an, appreciableé proportion of the Gecay of Th 233 goés to the g'mmd-s‘tat@
rotational band of Pa®33 sntch 1s believed to have K = 1/2 as will be discussed
in o later section This jnformaticn would seem $0 favor the 1/2+ [631]
assignment for Th 233 4f the chojce rests between the two states mentioned.

Possible aiffieulty exints, hovever, beécouse there also seems to de direct
. population of the 5/2% vand of ?3233 although this 15 by no means dertain., In

view of the paucity ef Mormtion s 0O assigxment is entered in Teble 1. Btill,

4% is interesting to note the relative pesitims of the above-meutioned two

states in other nucled vith 143 neutrone. In Pu237, the gtate 1/2+ [631] 45 145

- kev abova the 7/ e | 7&3] gre\mﬂ gtate; in 3235 the two states lie within 100 ev

of each other; and if the above-mentioned avidence is sigaificant, the 1/2+

_state becomes the ground stete in ’I‘ha33

- 9®3 (neutron nunber 139). At present very 14¢t1e 1s Xnown about ‘the
energy levvels of 8233‘ because information comes only from its eleetron-cayture

‘decay properties, Eomt&:.ing p@ssrbly may be J.mmad obout ite excited states

when its alpha-emitiing parent, Pu>>, can be studled.
The ground state would be expected to be 5/2- [752] (lﬂs-kev state in
m?t), 5/2+[633] (ground stete of 3L and v233); or 3/2+ [691) (an excited

.gtate in Uzaa) The 5/2-9 assigment can probably be. ruled out becsuse Th 231 ona

3231 bvat.h aecay to PaeBl ', and there are seleetive Qifferences in the levels
cccupied.’ 1L of thée two Temaining ehsignménts, 5/2- [752) is slightly preferred
on the basis that no population to the ground smte, K = 1/2 band of Pazsl s eould

be detected in the UER glectronscapture decay., Teble § and its dscussion (see

below) go into the betafecay selection procésges as related to the Nilsaon
levels, end it will be seend that the log-ft values for éeéay of HZSI. to the K =
1/2 band in Pa®" probably would be such as to heve permitted tae ébsez"fatm of
this transition if g _vere 3f/e+ {6311. |
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13233 {neutron numbex lhl) The energy levels of %33 pave recently been
revieéved by J' 0. Hewton. A3 The assignments suggested by him have been adopted
(Tablé 1) although 4ifferent cohelusions vere reached regarding the related
subject of the Pa°2> assigament vhich is @iscussed below. As seen in Teble 1,

the ground state of #©33 nae been assigned by Newton to 5/84- {633] {see also

231), a state at 313 kev is assigned to 3/z+ [631]) (which implies excitation of
a particle from a previously filled level); and a state at 40O kev is lebeléed
1/2+ {631]. This does n6t mean that other expected levels {Table 1) are not
present at even lower- energies 'beceuse it ¢could essily be that such levels axe

 not populdted by the beta decay of pa?33,

- Bome li@ht is shed on this subject by the recently mvestigaﬁed alpha
bienching of Pu237 u” 15 The alpha group of highest energy so far observed '

(5.65 Mev) probably leads to the ground state of U233 or Bt léast to a level

near the ground state because this energy correcponds well with the total availa-
ble emergy calc‘ulatea f‘rom&lcseé% dee&y c;yclea.m The transition is rather

. Rhighly hindered in sgresment with the sssigamsnt of 7/2- [Th3] for Pu*3! (ses
below) and of 5/2¢ [633] for the ground state of 923 es made by Fewton: The

principa) alpha group (or ,@oups}) leads to @ level (or levels) some 300 Rev

. higher and hss a8 hindrance factor of 7. If the state at ~300 kev were the 3/2+

[631] state observed from PazBB decsy, the hind.rance factor seema aeh too low
bec_auq_e., among other factors, the alpha wave would be limited to § 2 3. This

suggests that theére is another level at ~300 kev. If it were the 7/2- state
{same as the psrent, Pu _237) , the hindrance factor is too high, hence this state

‘might be 5/2- [752] vhich is expected in this region, and seen at 185 kev in the

analogous nucleus, B3 {see above). o

2835 {nevtron number 143). The puzzle gurroudding the low-lying energy
levels of UP32 has recently been solved. 16,17 gne principle (wnhindered) siphs
group of Pu 39 vhich hds spin 1/2, apparently led to the ground state of 0235
which has spin 7/ 2 in contradiction to our major selection rules, but it was
found that this favored alpha group iwstesd went to the expected spin-1/2 state,
viaich is an isomer lying less than 0.1 kev above the ground gtate, The Hilsson
level assiguments as shown in Table 1 have been discusced by Asero end Perlmen.
Higher-lying levels populated by Pu239 alpha decay have also been tsew:elzzj.l8 19 but
there asre not yet sufficient data to make assim»s. e

16
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9-237' (nautronv nurber’ 145). The ground-state spin of 023? has a0t been

‘measured, but it is slmost certednly 1/2 or 3/2 because in its beta decay to

Npg‘a? no state vith spin higher then 3/2 is populated. 20 Rasnmasen et al. bave

“suggested possible assignments 1/2~ [501] and 1/2+ [631]. 20 Because there is no

evidence for the 1/2- [501] state in other nudlei in this. viemity, and since

the log-ft values can be ressonably well explained on the basis of the 1/2+
1631] assigument, ve definitely prefer this latter cne. It wil) be seen that

2&1

two other nucleil with ths seme neutren nma'ber s & pu23? and Cnm also have this

21’22 and the favored

The alphs gecay of Pu 2k has been :mvestigatea
group goes to & level in U237 at lhs xev. .The ground state of Pu.zm“ has been
assigned 5/2¢ (622] as vill be dlscuseed belov, hénce the 37 Jevel at 145 kev
is. aseribed o the same or'bital._ The ganma-ray desexcitation pmperties of this

level support the idea that it has the samé parity as the groxmd state. The

~ transitions to the grovmd~state rotational band appesr o e largely ML
_(presumably K-t‘orbmaen) It will be seen that the same sithation is found in

239 in vhich the 5/2¢ dbate amears at & somswhat higher energy. As has bsen

: ‘mem’.ioneé this state 5/ 2¢ [622] shows up as the ground state for neutron suaber

o 0239 (neutrm number lh’r) There 19 little experimental informat’:ton on
2h1

N Aﬁﬁis short-lived beta em;ltter s but. it odght be ekpected in snalogy to Fu that

the growmd state 1o 5/2¢ [622]. This essigowent 46 consisteht with the beta-Gécay
properties of U239 23,24 in vhich & 5/ 2~ state in Ep239 of ‘Th kev receives most
of the bets poPulation, : '

' 237 (neutron number 11439_ Althngh t;he spm' of 24237 nas not bean '
messured &ireetly, the nepiguments of the grownd state to T/E-» {743) and a state
at 115 Xev to 1/2+ [631] ave considered to bs on rather firm ground. These

- sbetes oteur very close tcgather in 6235 and result in an fsomeric transition with

a half life of 26.5 min. On the basis that the structure would repest in Pu3',
Stephens et al. 25 searched for and found mn B3 isomeric tronsition, with a 0.18-
sec half-life and energy as indicated, regulting from the alpha decay of szm‘

The groun&-state assignment 7/ 2= [743] has algo been made by Hoffman aund Drcpeskygﬁ

frcm e study of the electron-capture decay of Pqu? to Rp237
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assignments have been givén by Hollander
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py?39 (ne’utron nuber 145). The levels of Fu’a39 are populated following
the decay of §P239 27 4 239 25 and t'.‘mgh':'3 29,30 and the Coulomb exeitation of
P2 R gecere. The leved e 10 thus quite vell vorked out, and orbital
28,32 14 vy Asaro et al,3C
There {s a well-@sfined rotational band based wpon the X = 1/2 ground
state (1/2+ [631]) vhich orbital appears as the firet excited state in Pu®o!
and U737 aa alrésdy discussed. The 7/2- [743] configuration which is the grownd
sbate for UZBS and MZS? occurs at 392 kev and ‘the 5/2+ {622] configuration
which will eppeer ss the ground state for neutron number 1%7, oceours here at
86 kev. fThese assignménts have been discussed in detail,?T+® tut adattionad:
cozment seems to be in order concerning a level ab 512 keév sssigned by Hollender
et 21.%7 as either 5/ 2+ ‘or 7/2¢. As pointed out 28,32 the only two assigoments
that seem reasonable are 5/2¢ [633] and 7/2¢ [68L). The state 5/2+ (633] would
result from opening s filled level thst appesred as the ground state for neutron
nunber 141, and the 7/‘?3;1» {624] would be a nev level to appear for higher neutron
nubers as the ground state. A = S |
. Of these, the choice of the T/2+ assighment seems preferable to ue. A4s
will be seen, 5/2+ [622] (which 'is the 286-kev level in Pu?>Y) and 7/2¢ [624]
are found in Pu® b1 and Cm 245 (see Table 1), and the specings betveen these

~ levels are similar, as might be expected because the energies of these orbitels '

have a rather flat dependence omn nuclesr deformition (aee Fig 1), A similar
spactng also ocqurs in Pul3” between the state 5/2+ [622) afd the one of 512 kev,
henice this may be teken as eome evidence that this latter smte s 7/2+ {624]).
Algo the sbsence of radiation from the 512«kév stete to the ground state is nicely
explaindd by the 7/2+ [624] assigument, slthough evon for 5/2+ [633] the B2 tran-
sition to the ground atate might not compete favorsbly with Ml ur'c‘kﬁSithnS to the
5/24 {6221 band.
h“l“, .{“eutran mmm 147). 'me ground~state spin of Puzm“ has been
measma as 5/ 2,33 The 5/ 26 {5333 orbital vas the gfound state for neutron
muber 141, so the ground state of PP 1 aimost surely 5/2+ [622] (see Fig.
1). The only information on excited states is that obteined from the slphs
decay of Cm Bhs 34,35, The favored alphe group leads to a state 172 kev above
ground, Another state of 58 kev higher emergy has beén observed and inter-
preved as the firat member of the rotational ban.d'baséd upou the 172-kev state.

35
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This spacing &uggests that the band has K = 7/2 or higher, The parity is fixed

as even from the observation that the 172-kev state decays to the ground-state
band by ML transitions, In particular, the transition to the 5/2+ grownd state

is definitely ML. This fact not only fixes the parity of the 172-kev state,

" but also ie consistent with the spin assignment of 7/2. The only Filsszon level

_An this region with these properties ia!7/2+ (62k], and the assignmeént is con-

¢

sidered to be reascnably certain.
2L3 (neutron number 1&@) Information is availeble only on the ground
tate of Pu 283 and 1s dérived from the decay of this isotéope to Am hj 36,37,38

States in Amo'3 having spius 5/2, 7/2, and probebly 9/2 beem to receive direct

RS

beta population’from Pu 3 (see discussion of Am?hj) sothat a spin of 7/2 for

2h3 sesms most ressonable. Because this coincides vith the expected Nilsson
iy 2k3

Aeyol, 7/2+ [62k], this assignment is given to Pu

(peutron unber 143). The ground state of Cm® 2h y o almost surely

-theé. some ‘sz that of Pu239 (also with 145 neutrons), 1/2+ [631] This assignment

_wgs made by Stephens &t al,

25 and the arguments vill be reévieved briefly here.

o2t PM. 39,1 1na althovgn there are lov-lytng

decays by electron capture to Am

5/2+ and 5/2- states, nefther of these 1s directly populated. Instead décay

Cm
~ assigament 1/2+ {631], hence the ground state of Cm”

j,although applicable data might be obtained from studies of the alpha decay of Cf

teles place to states that .seem to have spins of 3/2 or 1/2.

As already mentioned vhen Pu £37 vas dlscussed the favored alpha decay of
populates a 0.18+«sec isomeric state of Pu237 which drops to the ground state
by an B3 ¢transition. 25 The evidence is excellent that the isomeric state has the
2hi is almost surely the same.

There is no 1nformation &t present on the excited states of Cm?hl,

20

245

2h3

ca®®3 (neutron number 147). The ground state of‘Cm ~ might be expected
2

to be 5/2+ {622], the same as Pu™™. ‘There is some ex@erimental evidence for this

:7assignment from the:xu&y of the slpha spectrum of Cm 2h3 29,30 The favored alphs

group populates ‘a level. in Pu239 at 286 kev and the assignment of 5/2+ [622] has

. been made for this state.29 30.

Excited states of Cm 2h3 are knowa from the electron~capture decay of

2h3 but no information 1s available that 1s suitable for making assignments.
245 (neutron number 149) As geen in Fig. 1, the expectations for

neutron number 149 sre either 7/2+ [62&] and 9/2- {734). In a brief earlier
report resulting from the study of the alpha decay of Cf h9’ Stephens et al.

ny
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made the 7/2+ [624] assigament to the ground state of Cm>'>, while the 9/2- [734]
_ orbital appeared at a level 394 kev above ground. At 255 kev above ground, the
orbital 5/2+ [622] reappeared through the opening of a filled level. (See cm23
and Puzul vhere this orbital represents the ground state). Because no discussion
was presented.in-that‘report,hl.a brief account of these assignments and one
other will be given here. . -

| ng Eﬁates of Cmah5 have been Studiiﬁ-through the electron-capture decay
2hs =2 and the beta decay of Amzl"5 > ae vell as from the alpha decay of
In addition, the alpha decay of szhs has been studied,3h’35 and as

. _ ,
2&1’ the 7/2+ [624] assignment is likely for

e, B
has been already discussed under Pu
the Cmghs ground state.

Am?hs presumablj has spin and parity 5/2- or 5/2+, and in its decay to
Cm populates both the ground state and a level at 255 kev. Bk2h5, which we
believe to have spin 3/2, does not popiilate the ground state of Cm?hs, but only
_the 255-kev level. This 255-kev level decays only to the ground state of szu5
(not to higher members of the ground-state rotational band) by an ML transitionm.
'Furthermore, four members of the rotational band based on the 255-kev level have
been observed in the alpha decay of Cf2h9, and the spacing and albha population
of these s;ates suggest a spin 5/2 for the 255<kev level. All these dsta rather
strongly suggest s spin and parity of 5/2+ for the 255-keév level, and its

245

assignment as the 5/2+ [622] Nilsson level seems almost certain.

The favored slpha decay of‘szhg populates a rotational band whose buse
level is 394 kev above the ground state of szhs
sitions that appear to be El to the 7/2 and 9/2 members of the ground-state
rotational band, with no detectable branching to the 5/2+ [622] band at 255 kev.
No branching to this {39k-kev) level was observed in the decay of either AmZhS
- or 7131:2145 {spins 5/2 and 3/2). From these date we conclude that the spin snd
parity of the 39%-kev level is 7/2- or 9/2-, with 9/2-soméwhét.more-likely (see
Fig. 1). An slpha-gamma sngular-distribution measurement vas made to distin-
guish between these two choices,hl and the results, while not absolutely definitive,
also favored the 9/2- spin. We thus conclude that the 39h-kev level (and hence
the ground state of Cfahg) is very likely the 9/2- {734) Nilsson level. The
ouly other level cobserved in Cm?hs is one at about 630 kev populated in the decay

of Bkzns. This level decays by a single gamma ray to the 5/2+ [622] state and

. This level decays by tran-
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therefore preéumably has lov spin. We have very tentatively assigned it as the
1/2+ [631] state uhich comes in as the ground state for neutron number 145,
Cfahs (neutron aurber lh?) Chethem-Strode and co—workershs have
obtained evidence that the alpha-~decay of Cths leaas predominantly to the
ground state of Cm?hl, ‘and we can say that the transition is unhindered or.
only slightly hindered. In the absence of other information, it might be
inferred that the ground state of c£?5 15 the same as Ca®*l, 1/z+ (631]. This

assigoment is possible but not expected. Because there is no evidence bearing

on this asaignment other than the observation eitea ve have not made an entry
in Table 1, ' _
f2h9 (nentron nwiber 151) It has alresdy beeﬁ suggested under the
2“5 discussion that cfzug ground state has the assignmeﬂt 9/2- {734). cbﬁ$istent

‘with this assigoment is the value log £t = 7.0 for the beta decay of BRZhg

since Ek 2hg is thought to have spin and parity 7/ 24 (see Table 3).

ODD-PROTON m

It has been seen (Table 1) that the same level repeats for ground states

| of nuclei having the same (odd) neutron number. . This is a reflection of the

adgquacy of the model employed. Similar behavior for unpaired‘prptons allovs
grouping of isotopes of each odd element for discussion. The applicable Nilsson

‘vdiagram is shown in Fig. 2, and the summary of assignments’in Table 2.

Actinium {proton number 89). It should perheps be pointed out at the
start that the lack of apparent rotational structure in the actinium (and, for
that matter, the protactinium) isotopes has for some time been noted, and
initially we felt that thgse,isotOpes were ouiside the region of stable spheroidal

" @eformation and coﬁld'hotvbg described by the strong-coupling approximation of

the unified nuclear model. 'We'hgve recently concluded that this absence of

ﬂsimple rotational bands is probebly due rather to the many anomalous K = 1/2

rotational bands in this region, and the influence of these bands through
rotational~-particle coupling on the K = 3/24and'éven in some cases, the K = 5/2
bands in this vicinity. The assignments made for the actinium (and protactinium)
isotopes are based on this conclusion, and therefore sre perhaps somevhat less
certain than those made in regions vhere the unified nuclear model is certainly
applicable. )
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: The energy levels of Ac 27 have been studied following the beta decay of
227 48,49 and also rather thoroughly following the alpha decay of Pa231 50-56
The levels of ACZES have thus far been studied only as populated by the beta
decay of Razz5 57,58 although sone informstion from the alphz-decay of Paaz9 is
being obtained. 59 For this, reason conaiderably more is known sbout the energy
levels in Ac227, and this isotope will be discussed first.
The favored alpha decay of Pa 231 seems to populate s level in Ac227 at 330
kev. Because the ground state of PaZ3t is believed to be the 3/2 menber of the
=1/2 rotational band based on the state, 1/2- [530], .this.assignment 1s also
given to the 330 kev level in A0227. It should be emphasized that the state at
330 kev has spin 3/2 according to this assignment but 1s propedy designated by
the X guantum nuzber of the orbital which is 1/2. An unambiguous designation
would be 3/2, 1/2- {530], showing that it is the I = 3/é member of the K = 1/2
band. The I = 1/2 and I = 7/2 members of this band are also presumably seen in
8T gt energies of 356 and 386 kev respectively. The alpha populations from
PazBl are in good agreement with ‘thosé expected for favored decay to this band.,
The ground state of Acag? has a measured spin of 3/2 and. is probably con--
" nected with the 330-kev level by what appears to be an N2 transition. The ground
.state must therefore have gggg;parity, and because the tvo states both have spin
'3/2 there is implied a Btrong reterdation of the permitted EL trensition. The
most 1ikely 3/2+ assignment is 3/2+ [651] (see Fig. 2). \
Between about 25 and 125 kev above the grouﬁd state of Ac
least six levels observed, most of which can be shown to have 0dd parity if the

227 there are at
two previous assignments are correct. There is no appafent rotational struétuie
among these levels, but, ss will be pointéd'out, this does not nécessarily mean
that these states sll have different 1utrinsiﬂ'configurations. Under conditions
vhich could apply here, there can be severe distortions in level spacings in a
rotational ban 4.

Returning to the assignments of these levels, it will be noted from Fig.
2 that aside from 1/2- {530] the only odd-parity states in the vicinity of 3/z+
[651] are those connected with the h9/2 orbital: 1/2- [541], 3/2- [532], ana
5/2- [523] The positions of these levels for proton nuiber 89 are not known, .
but 1t will be seen that the state 5/2- [523] comes in as shown in Fig. 2 s the
ground stete for proton number 95. In order for it to lle below 1/2- [530]
(at 330 kev in AcZZY)'the nuclear deformation vwould have to be considerably less
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for this state in Ac?2! than thet indicated by the dashed line in Fig. 2. In
this regard, the spin 5/2 for Pazas‘éuggested by Hillsg (see section on pro-
tactinium) would make this sssumption not unredsonable. From thé foregoing
arguments ve might expect the 3/2~ [532] and 5/2- [523] levels to lie closest
to the J/2+ {651} ground state of Aczz? and suggest tentatively that & group
of levels around 27 kev be assigned the orbitasl 3/2- [532] snd those around
'110 kev, 5/2- [532]. The appsrent absence of rotationmal structure is '
" attributed to the displacement of levels by the mechanism discussed by Kerman.
However, these assignments 4o not seem definite enough for inclusion in Table 2.

Very little 15 knovn about Aczas but there is one piece of information
vhich suggests imilarity to Ac227 in Ac227 there is & 27-kev El transition
between an excited state of 27 kev and ground. In ACZZS a 4O-kev E1 transition
is found snd is the only prominent gamma transitidn following Ra b.decay This
implies that there is a 1ével in Ac®? gt 40 kev bearing the same relation to the
_ground state as the 27-kev level in Ac227 |

Protactinium (proton number 91). A considerable number of protactinium
_'1ootopes are known but substantial data are available for only Paz3l and P3233
The energy levels of Pa23l have been studied from the beta decay of Th23l 31.,60-62
UzBl electron capture,” 11,63 alpha decey of Np235 64 and coulomb excitation of
Pa 231 itself.65 The states of Pa 233 have been studied in conjunction with Th233
beta decaylz and Kp237 alpha aecay.66’67 ' ‘

The ground-stste spin of PaZ3 nas been messured ae 3/2 and that for pg?33
is deduced to be the same from the decay properties. Each is probadbly the I = 3/2
member of the K = 1/2 band, 1/2- [530], which has already been mentioned in the
discussion of Acza? vhere this gtate appears at 330 kev above ground. In Paz33,
the I = 1/2, 3/2, 5/2, end T/2 merbers have been observed, and these lie at

~6, 0, 69 and 56 kev respectively. The structure and spacings in this anamolous
231

10

rotationsl band dre probably mich the same in Pa
In both P523l and‘?azss there is another intrinsic state at sbout 85 kev.
" Bach drops to the 3/2 and. 7/2 menbers of the ground state band by El transitions
and has been assigned 5/2+ {642] partly on the basis of these gamma transitioms
and also because this level in P3233 receives the favored alpha transition from
37 decay and 5/2+ (6k2] 1s elmost surely the ground state of sza?
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A somevhat uncertain aosignment of 3/2+ [651] has been made for levels in
Pa and Pa®33 at 166 kev and ~200 kev regpectively. There is ne obvious
rotational ~band structure based on either this state or the 5/2+ [642] state.
Hovever, this would be expected, since such similsr states lying 580 close to
~ each other might be expected to interact in Suchia way as to distort the normal
rotational-leve15spacings.' Calculations axe undervay at present to see if the

231

experimental level pattern -can be reproduced, and the preliminery resulis seem
favorable.

There is also some information available for aasigning the ground states
" of PaZ3 apna Padd, pet3 might be expected to bave the 1/2- [530] band as its
growid state in anelogy to Pa’ - and Pa’30, This would be consistent with the
observed decay of Pat3”’ without gamma-ray emission %o U235 68 since a 1/2+ state
j:lies within 0.1 kev ofvthe ground state of U 35.‘ Also the log £t valuwe for this
" decay is very simtlar to ‘that. observed for decay between these two states in
- other nuclei (see Table 3) Nevertheless, becauseé the ground state of U23) has
a spin of 7/2-, almost any spin uwp to 9/2 would be possible for Pa®3’, An en-
~lightening experirent nould be a determination of whether the 26-min isomeric
state (spin 1/2) of UZ3° 1g populated 1d the decay of PaZ3’, but this bas not yet
been done. .
HillS9 has suggested that the ground state of Pa829 is 5/4 on the grounds
that . states having spinu of 7/2 end probably 5/2 are populated in the decay of
" this isotope to Th 29, and also on preliminary evidence that a 5/2 rotational
band dm 8220 receiveé the favored alpha decay of P5229‘ If this is the case,
the only two reasonable assignments would be 5/2+ [6k2] or 5/2- [523]. It is not
. possible to make a clear choice between these aésignments. Vile slightly prefer the
latter, hovever, because it seems less likely (see Fig. 2) that the 1/2- [530]
state {ground states of Pa®3t ana Pa233) would cross the 5/2+ [642] state than
the 5/2- {523] state.

Neptqnium (proton number 93). At several places in the previous dis-

cussions, special use has been made of observed EL transitions in identifying
states (see, for ekample, ptotactinium) because such transitions limit considerably
the possible choices. For low energies, (<100 kev), El transitions sre parti-
cularly easy to identify because the conversion coefficients are small and unigue.
In fact, very often a rough intensity measurément, of the photon is sufficient

for identifying the transition unambiguously as El. Three isotopes of neptunium,
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m°3%, 1p%37, ena %%, all tove prominent El trensitions following alpha decay
of their respective pamts,@v and the sssigaments of the states {nvolved for
two of these (N9237 and 159239) have been previously made. 0 These are 5/2+ [652]
for the ground states and 5/ 2- {523} for l-ow«lying excitell states. The argu- -
ments for these aseignmémts are eonsi&ered sound and wul not be discussed
further here. The energies may be seen in Table 3. The supporting evidence in
N‘p235 ie not so extensive but the analogy in emergy and intensity of the B
transition is so elose that these game assignments may be made with confidence.
It may be mentioned that the electron-capture decay characteristiecs of Kp 35
consistent with the g‘eund-.sta*be aasi@mt.n

| Rotational states based upon these two intrinsic states have been iden-
tified in Np>37 and ®p®3%, but tne omly other well-stuated intrinsic state in en
odd-mass neptunium isotape is the 268-kev level of Np 37 which very likely ‘has .
spin and parity 3/2-, end vas assigned as the §/2- [521) state by Rasmmssen et
a1, % Although this assigament is certainly gossible, we prefer that of 1/2-
{530] with the 3/2- mesber of this dand lying lovest, the same assigument made
for the ground stetes of protactinium lsotopes. This assigament is preferred for
the following reasons:  {1) an énergy of 268 kev is already somevhat higher than
might be enqaécte’d for the 1/2- {530] band on the basis of 1ts:position relative
to the 5/z+ [61;21 state in the protactinjum isotopes, yet it {s guite wnlikely
that the 1/2« [530] band could lie at lover emergies in Hpl3! andmt have been
detected from the beta décay of UoS!, On the other hand, from the assigments
' made belov for the smericium and berkelium isotopes, 1t would be expected that the
3/2- [521] level woul lie at energies somewhat higher than 268 kev in Fpools
(2) De~excitation of the 267«kev level has been shown to have M2 Gecay in com-.
petition with El, and B2 with M1, vhich can be best explained by the 1/2«
{530] assignment, since this would involve K-forbidden restrictions for the
dipole transitions., Neither of these érgmnents is ver.y conclusive, however, so
the preference for 1/2- [530] over 3/2- {521] 1s slight.

Americium (mton'-‘aumber' 95). The data on the americium isotopes come
from the alpha decay of the berkelium isctopés, 43,4, 72 the electron capture
decay of szu 39,%0 the beta Qecay of I’uaua 36,37,38 and the alpha decay of
the americium isotopes, themselves 51 73-78 Americium-24l and Am2h3 have
measured spins of 5/ 279’ and from studies of their alpha decay to Kpa37

2-39, it is ressonably certain that their ground state is the level, 5/2- [523].
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The g'ound state of Ani 239 48 assi@ed as this same Hilsson state because its
pattern of alpha decay seems to be quite similar to that of An®"> and AuZ'3, %

We will next turn €0 two excited states in Am' 23 , at 84 end 465 kev,
- observed i’ollowing the beta decay of Puah‘Q‘. The 8l-kev :Level decays by a pro-
ninent EL trensition to the grownd stete of Au®'> and by a very veak L
_‘ﬁmns:!.ti_.on to an ~h0 kev level presumbly the £irst menber of the ground-state
* potational bad. This fizes the spin and parity of the 8li-kev level at 5/ 2+ or
“T/2¢+. Aseignment is made to K = 5/2, in particuler 5/2+ [642], because the
“energy spacing with respec‘b to the ground state, 5/2- [523], is similar to that
seen - in neptunium isotopes, except that the states are reversed. The W65-kev
level decays by a pre&aminantly M. tronsition to the Bhekev level and to one, and
possibly twvo, higher members of the rotationsl band based on the Sl-kev level,
 Thus the parity of the hG5<kev band is evep, snd the spin is probebly 7/2 or 9/2,
' -although 5/2 is also a possibility. The assignmnt 7/2+ ‘[633] 1s consistent with
these data and vith the proposed 7/2+ spin of Pu’ "3, here 1 no other Nileson
level in the vicinity that seems to be satisfactory for this state.

The alpha decey proper%ies of Blszzl‘3 23*5 | nd m;?‘h’" have all been
- stufded, and provide an. mteresting comparison of the levels in Am 39 2’“‘ , and

2h3. In each case the ground-state transition is highly hindered, with hindrance

. factors of 660, 450, and 5500 regpectively., The lowést intrinsic excited states
- Observed in each of the emerifium isotopes also have rather similar alpha-
hindrance factors. fThese states lie at energies of 187, 206, end Bk kev (in order
of increasing mess munber) and their alpha-hin&rance factors are 54, 37, and 638
" respectively. This suggeats the same Nilsson level 1s involved for each isotope,
and because the 8h-kev level in Am 21:3 has been assigned as the 5/2+ {6L2] state,
we suggest this assignment for the other two levels as well. There is gdditional
gvidence in favor of thaaé assignments, In both Am23? ana Amzhl the levels (187
and 206 kev) drop to the I = 5/2 and I = T/2 members of the ground-state
{5/2- [523]) rotational bmnd by trensitions which ere probebly Bl (although E2
‘;cannot be ruled qut.)._ These ate Just the two levels to vhich we would expect decay
from the 5/2+ [642] state. This argument, of eourse 'hinges on vhether or not the
radiations cbserved nre indeed ¥1. PFurthermore {spin 1/2+) has no
obsexrved population to the 206-kev level ia Amz l which {s to be expected if
" the 5/2+ assigoment of this level ie correct. ‘I‘ne differences in spacing of the
5/2+ {642) levels relative to the groumnd states in the three smericium isotopes
are rather large end will be discussed later.
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A third state whieh seems to© be populated systematically in the alpha

decay of the berkelium: isotopes lies at energies of 540, 480, and 265 kev in

239 8&1’ and Am?hB, respectively. The hindrance factors to these states
are 3.6, 2.3, snd b2, respectively. In An’D the 5hO-kev state decays to the
ground state by a transiticn vhose multipolerity ie¢ uncertain. In Amzm“
hovever, the 480-kev level is also heavily populated in the electron—capture
decay of C Zkl, and déeays to the groud state of Am?hl by a predominantly ML
transition {with apparently some E2 admixture). . These data, together with the
1/2+ spin of Cn®™* gnad the 5/2- ground-state spin of Ano'Y, fix the spin and
parity of the 480-kev level st 3/2-. In’ A3 the 265-kev level also decays to
the ground state by a transition that has been shown to0 be predominantly ML,
Thus the 540-, h80~ and zés-kev levels in the three americium isotopes seem t6
be quite similar, and probasbly sll hiave spin end parity 3/2-. On this basis the
Hilsson assignment for these levels is elmost cértainly either 1/2- [530] (3/2-
‘member lying lowest) or 3/8- (521). We slightly prefer the former assignment
because the level seems to vary in energy relative to the 5/2- [523] state in
about the seme manner as the 5/2+ {6hz2} state. From the slopes of the levels on
the Nilgson 4iegram this is more reasonable for the 1/2- {530] than the 3/2-
[521] assighment. . | :

The small hindrance factors for the mlphu deeay of berkelium isotopes to
these states are worthy of note. It will be seen thaet the ground states of the
berkelium isotopes are assigned 3/2- [521] and the states in americiwm I = 3/2
member of 1/2- [530]. The small hindrance factors are probably associated with
 the structurel similarity of these orbitals. Also the 3/2- [521] level in the
americiwm isotopes 1is prdbably not too far away in energy from this level, so
that nixing of the’ type aescrfbed by Kermanlo would further lower the hindrance
factor. : :
The large variation 1n.spaeing betveen the 5/24 [6h2) and 1/2- [530]
states in the three americium isotopes relativé to the 5/2- [523) ground state
is somevhat puzzling. This 1s possidly due to a larger nuclear deformation in
w239 and ArP™ than in An23 (or provsbly Amzhs) The reason for larger nuclesr
seformations in Axt3Y and AmZL mifiht be Pound in the neutron levels filling in
this vicinity, which are the steeply down-sloping (deforming) 7/2- [743] end 1/2+
[631] orbitala. On the other hand, around Am 243 and Ame® the much flatter

(less deforming) neutron levels, 5/2+ [622) and T/2+ [624], are filling.
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spin and parity 5/2+ in Cm

. the ground-state configurstions of Bk
‘_thés band gives the beﬁt agreement with a 7/2 spin, but the rotational constant
’ (§§) is considerably smaller than usual for this ragion However, for an even-
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The only othef level obgerved in en smericium isotope is the 630-kev level

populated in Am?hl by Cm?hl electron-capture decay. This state aecays both to

the ground and the hso-kev'states, and vwe have very tentatively given it the

' essigoment, 3/2~ [521]. The assignment 3/2+ [651] 18 also possible but seems
. less likely because this stete would be expected to decay to the 5/2+ [6k2] state,

and no such gemma transition could be odbserved.

: Berkelium (proton number 97). The similarity of the alpha decay schemes
of Bk2u3 Bkzks nd Bk2h7 has already been described, and thus we believe these
three isotopes. all have.the same Filsson level for thelr ground states. Informe-
tion as to the identity of this level may be derived from the electron- <capture
decay of Bkzts to Cm ZHS b3, 44 This decay goes predominantly to a level assigned
55’ with no detectadle branching to the 7/2+ (ground)
or 9f/2- {39k kev) states. This suggests a spin of 3/2 for Bkzas, although 5/2 or
7/2~would also be possible. Prom the Nilssom. diagrams, either the 3/2- [521] or
the 7/2+ [633] level would be expected as the ground state of ‘the berkelium
isotopeg and on the basis of the ebove data, we definitely prefer the 3/2- stste.

Considerably moré information is available about the energy levels of
Bkeag, mostly from the alpha decay of E253 81’82 The favored sipha decay of
EZSS goes to the ground state of Bk2h9, and four members of the grownd-state
rotational band have been observed to receive alpha population. This means that
2h9 and 3253 are identical The spacing of

parity odd-proton state in this regton an abnormally small rotationasl constant

is reasonable according to arguments given by Hollander,Smith, snd Rasmussen in
explaining the similarly. small value for the 5/2¢+ {642} band in sz37 o Ve have
accordingly assigned the groumdustate of 22 to the 7/2+ [633] orbital. The
beta decay of Ek2h9 to C¢ 2k 1s consistent with this assignment,

Alpha popwlation is also cbserved to three megbers of & rotational band
vhose base level is 393 kev above the ground state of Bkzkg. These levels decay
by predominantly ML transitions to the ground-state rotational band of Bkghg '
The pattern of gamma rays de-exciting this band, and the pattern of alpha popula-
tion to the band members suggests that this is the. 5/z+ {642]band; however, the
spacing of the levels is not in very good sgreement with this condusion, nor, in



UCRL-8376
26~

fact, vith any other reasonable spin. Nevertheless we have tentatively given
this assignment to the 393ekey levél, because the unusual spacing of the band
can possibly be explaihed in terms of rotational-particle coupling to the 3/z+
[651] band. Another group of levels has been observed in the alpha decay of
E253, and these seem to comprise a rotationsal band vhose lowest observed level
is at 8L kev above ‘the ground state of Bk2h9‘ The gpacing of this band -

indicates that the 8h-Xev level has a spin of 7/2, and the rotational constant

appears normal. vAsaro~et al.al Yiave been ‘Bble to shovw that the 8L-kev level is
followed by two prompt (< 2 psec) transitions, which are highly converted in

the L shell, It is possible that the Bl-kev level is the 7/2- [514] Wilsson
. state, vhich decays by an M2 transition to the 9/2+ member of the ground-state

rotational band, and then on to.the ground étate. Hovever, we feel that a
somevhat more likely situation is that the rotational band is really based on.

the 3/2- [521] Nilsson state, but that the alpha decay to the 3/2 and 5/2 members
of this band is obscured (as it certainly would be) by the intense alpha groups
to the first two membérs of the grqund—state.rotational band. The two prompt

 transitions following the Sh-kev. ievel would then be those de-exciting this level

to the 3/2- state, vhich subsequently decays by an unobserved (~10 kev) M2 tren-
sition to the ground state of BKZhg. A preliminery search has failed to reveal
an isomeric state of T (the 10-kev level); however, we feel that the possi-
bilities are not yet exhausted. Of course, one would like to find a low~lying
3/2 state in BkZhg because in the other berkelium isotopes the 3/2- ISZl] orbital
represents the ground state.

Einsteinium (proton nwiber 99), The only einsteinium isotope for which
sufficient data are available to meske an assignment is E253. This isotope very
likely has a ground-state aseignment of 7/2+ [633] because favﬁred'alpha decay
wvas observed to a state in Ekzkg.that was given this assignment.

CLASSIFICATION OF BETA TRANSITIONS -
The beta transitiahsvuyon which the Nilsson assignments in Tebles 1 and
2 are partially based are swmarized in Tuble 3. "Here the log-ft value and the
pareﬁﬁ nucleus are listed at the intersection of the colum and rov. corresponding
to the two levels that ths_beta transitianvccnnects, The log-ft vaelues are
only epproximate, snd in a few cmses the value given very likely represents that
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| 'I‘able 3: Bets &ecay logeft,va lnes
Neutron 3 . Proton state o R S
state 3/2+ 165L)  1/2- 1530] _ 5/2+ 16h2). 5/2- 1523] 3/2~ 5211 7/2x 1633)
: i
3/ee (631 (?5?33 7.1)
: lf .
5/2- 1g52] ((u231 >7,3)) (P 5.9))
a, h 1£Al =2, b a, h
(m23es.8) - m3 (th?3 5.7)
5/2+ [633] pa”3 9.3 |
| £, u 8, BN =2
Np335 6 6 Am239>8
7/2-_1743] Pu? 76,8 —
2f 1PAI = 2, h 1£, u
((Pa 33~6 5) S0 vBT 589 ((Cu a7, 3
B0 P (2 7.0)
((0237 6.2)) 2 o
1/2+ [631] ((mnz bt 7.3)) (on”>9) Cm 9 | |
a, h if, u 1f, u
e 7.0 <<u239 5.8)) S 1.0
5 T
5/2+ [622] Am' 239 5.9
a,h - 1f, u AT =2, h &, h
(1p%3? 6.8) (Pu2ﬁ3 6.1)  B258.3  (RuPS 5.5)
7/2+ (624 (m"”‘%s) (3”3 6.1)
o 1f, u.
9/2- [734]) e

7.0
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Por decay to more than ohe member of the rotational 'bénﬁ,“z"ather than Just the bage
level. These errors are probably not lar@er thsn a factor of 2 or 3 in the £t
value, however. ‘The clasmfication of each beta transition is given at the tap
of eac;h group. These claasificatione are allowed (a) or.first or second forbidden
(1f or 2f}), according te the Nordheim selection rules, and hindered (h) or
\mhindered (u) in the asymptotic quantum numbers of deformed nuclel accord:i_ng
to the rules given by Alaga. 3. _’l'he parentheses around the transitions .tndicate'
| uncertainty in orbitsl assighment as in Tsbles 1 and 2, and in this case the
notation on the beta trénsition is that of the least certain of the levels which
- it connects. The range of log-ft valueés for the various transition types 1s '
similar to that found by Ala3383 for the spherotdal region 150< A <190.

The authors are mdebted Yo Dr. 8. G. Nilsson for many helpful discussions,
and for permission to use the resulta of his calculatione. before publication.

This vork was pwerfarmsd under the auspmes of t.he U.8. Atomic Energy
Commission.
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