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I. BETA-SPECTROSCOPIC STUDIES IN THE PROMETHIUM REGION

II. THE CORIOLIS INTERACTION IN DEFORMED NUCLEI

~ Thomas V., Marshall
(Thesis)
§, . . May 1960

Lawrence Radiation Leboratory and Department of Chemistry
University of California, Berkeley, Californis

ABSTRACT
The new isotopes Sm142 and Pmlhz have been produced by . the re-
, +
action sequence: Ndlhz(a,ll-n)Sm142 ~§—L—§g—-—’Pmlh2° The decay charac-

teristics of these isotopes have been determined.

149

The gamma, beta, and conversion-electron spectra of Pm have

been measured and a decay scheme 1s proposed for this isotope,

A method for calculating the effect of the Corlolis interaction
on ‘the energies of the rotational levels of a generalized, spheroidally
deformed nucleus has been de#eloped using a simple nuclear model, and
the genersl effect of this Interaction on rotational bands 1s discussed,
Part of the energy level schemes of Pazsl and P5233‘havevbeen inter-

preted in terms of rotational bands perturbed by the Corilolis interaction.
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INTRODUCTION

Previous studies of the promethium isotopes have failed to find

an activity which could be assigned to mass number 142 although activities

have been assigned to all other mass numbers from 141 through 152.l

Fischer2 was able to set the following limits on the half-life of Pmlhzz
2 minutes > t or t > 100 years. S:ane-PmlLLz must decay to the
1/2 1/2 142

"magic number" nuclide Nd it would be expected to have a high decay

energy and, unless the decay is highly forbidden, a short half-life,

If the half-life of Pmlhz 1s very short as Fischer's limit and the ex-

pected high decay energy indicate, the most convenient way fo study this
isotope would be in equilibrium with 1ts parent'Smlhzn Although Sm142
‘has not been reported in the literature beta-decay systematics indicate
that this isotope is probably sufflciently long-lived to be studied
directly.

L2

In the present work Sml has been produced by the reaction

Ndluz(a,hn)Smlhz. Promethium-142 has been found to be in equilibrium
with it; and the decay characteristics of the two isotopes have been
determined,

A marked change in nuclear structure occurs between the isotopes

Ol ona But?3 (88 and 90 neutrons respectively)., This change is man-

Eu

ifested in an abnormally large shift in the nuclear quadrupole moments

and in a change in the nuclear energy level structure between the two

isotopes., Europium-153 shows a well developed rotational band; there is
' 151

no readily recognizable rotational structure in .Eu . The second part

of this work was undertaken to gain a better understanding of this change.
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This problem was approached both experimentally and semi-
theoretically, A study of the decays of Pmlbr9 and Pm151 was made to
determine the level structures of Sml49 (87 neutrons) and smt?t (89
neutrons)'with the hope that this information would give an insight
into the nature of this change. A study of the effect of the Coriolis
interaction on the rotational bands of deformed nuclei was made to
151

determine if the level structure of Eu could be explained in terms

of rotational bands perturbed by this interaction.
Unfortunately, neither the experimental study of the energy
149 151

levels of Sm and Sm nor the study of the Coriolis interaction
has shed any new light on .the nature of the sudden change in nuclear
structure between the europium isotopes. wae?er, these studies have
been fruitful in providing other valuable information, The gamma,

149

beta, and conversioneelectron spectra of Pm are presented here and

a decay scheme is given for this isotope,*

A method for calculating the energies of rotational levels
perturbed by the Coriolis interaction has been developed using a simple
nuclear model, and the géneral effect of this interaction on rotational
bands is discussed, In addition, part of the energy level structures
of Pa23l and Pa233 have been interpreted in terms of rotational bands

perturbed by the Coriolis interaction,

* 1 '
The decay of Pm 2 will be discussed in a forthcoming UCRL report,

<3
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I. BETA-SPECTROSCOPIC STUDIES IN THE PROMETHIUM REGION

EXPERIMENTAL METHODS

Production of Activities

Samarium-142 was produced by bombarding neodymium- oxide with
alpﬁaaparticles in the Berkeley 60-inch cyclotron. The cyclotron targets
- were prepared iﬁ the following manner, Powdered neodymium oxide was
suspended in a solution of "Duco” cement in iso-amyl acetate, This
~slurry was painted onto a 10-mil gold or platinum plate allowing the .
solvent to evaporate between each layer; the target was flamed peri-
odically to remove all orgenic matter, A 1l-mil cover foil of gold,
platinum, or aluminum was placed over the target material and the target
was loaded into a "cat's eye" target assembly, The back of the target
was cooled with water during the bombardment. The energy of the alphaé
particles on thé cover foil was 48 Mev,

Promethium-149 was. produced by irradiating neodymium oxide en-

riched in l\Id.l)+8 with slow neutrons in the Materials Testing Reactor at

Arco, Idaho,an& allowing the Ndl49 produced by the irradiation to decay
to Pml)+9o The isotopic percentages. of the neocdymium oxides are given
dn Taeble I,
Table I
Isotopic Abundances of Target Neodymium Oxides
142 143 14k 145 146 148 150
148 |

Enriched Nd 1,60 0.87 5,49 1,05 3,30 84,59 3,10
Natural
Neodymium 27.09 12,14 23,83 8,29117.,26 5.7%  5.63

Chemical Separations

Two different chemical procedures were used to separate samarium

and promethium from the target neodymium and from each other. The first



= =

method, used to separate samarium, is a modification of a procedure

developed by Ballou and Newton. 3 The procedure is as fOllOWS°

lu

Dissolve the target in hot 6 N HCl, Add 5 mgs, of Smf%
carrier and precipitate -~ the rare earth hydroxides with
NH. (or conc, NHMOH), Centrifuge and wash the precipitate

3
thoroughly With water,

Dissolve the preéipitate‘in-6 N HC1l, Add an equal amount
of 6 E.NHAF to precipitate the rare earth fluorides, Heat

for 10 minutes to digest the precipitate, centrifuge, and

wash with water,

.Dissolve the precipitate in conc., HNO. saturated with

3

H3B03 Precipitate the rare earth hydroxides with NH

centrifuge, and wash with water,

3)

Dissolve the precipitate in & minimum of 6 N HC1l., Transfer
to a separatory fumnel with 10 ml, of water, Add 8 drops
of glacial acetic acid.

Add 3 ml, of 0,3% sodium amalgam and shake for 10 seconds,
Draw off the.Hg layer and save. Repeat 2 or 3 times,

Transfer the combined Hg fractions to a second separatory

funnel and wash with 30 ml, of water, Repeat the washing

in a third separatory funnel,

Trensfer the Hg layer to a fourth séparatory fumnel con-
taining 30 ml, of 2 N HCl. Shake until the hydrogen

evolution ceases,

Withdraw the agueous layer and,precipitate Sm(OH)3,With
conc.'NHu-OHo Centrifuge and wash with water,

.Dissolve the Sm(OH)3 in acid and evaporate onto counting

plates,
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Samarium isolated in this manner is reasonably pure if the amount
of neodymium is not appreciably greater.than the amount of samarium car-
rier added; if the amount of neodymium 1s too great there is some carry-
over of .both it and promethium.* Fluorine-18 also tends to carry through
this separation., If its preserce is undesirable its concentration may
be reduced by further fluoride precipitations.

To isolate promethium activities and to obtain carrier~free
samarium activities an ion-exchange column technique was used., For the
enriched isotope targets the neodymium oxide was dissolved in hot 12 N
HCl, this solution was evaporated to dryness, and the neodymium chloride
was redissolved in 0,05 N acid. For the cyclotron targets a rather large
amount of acid (6 N HC1) was required to dissolve the target off the
backing plate, and to avpid long evaporation times the neodymium was
precipitated as the hydroxide, washed, and redissolved in a minimum of
2 N HCl, The dilute acid solutions were loaded onto an ion-exchange
column and the rare earths were separated by the method described by
Thompson, Harvey, Choppin, and Sea.borg,ll Dowex=-50 was used as the ion-
exchange resin and O.4 M alpha-hydroxyisobutyric acid was used as the
eluant, The alpha-hydroxyisobutyric acid was buffered with ammonium
hydroxide to give the desired pH; the pH used ranged from 4.1 to 4.8,
Since the amount of target material used varied widely, columns of dif-
ferent sizes were used. The columns were operated at a temperature of
87°c.,

For samples to be used for the study of beta and conversion-
electron spectra the following procedure was used to remove the eluant
from the activity. The fraction of the eluant containing the desired

activity was acidified to approximately 0.1 N. This solution was passed

*
It should be noted that europium is also extracted by the sodium amalgem;
it can be separated from samarium by extracting with zinc amalgam (see

Reference 3), The zinc amalgam extraction was not necessary for this

study since the samples used were not contaminated with europium,
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through a small (3 mm, by 2 gmo) Dowex=50 column, The column was washed
with 0.05 N acid to remove all of the alpha-hydroxyisobutyric acid and
then the activity was stripped from the column with 6 N HC1 (or 5 N

HNO., if the solution was to be evaporated onto aluminum),

3

Instruments

The energies and intensitles of gamma-rays were measured using
NaI(Tl) crystals as detectors, The pulses from the photomultiplier tubes

5 and 100-channe1® pulse-

coupled to the crystals were analyzed by 50-
height analyzers. The NaI(Tl) crystals used were l-inch by 1-1/2-inches
in diameter and 3-inches by 3-inches in dismeter bevelled 1/2-inch at an
angle of hSO. The observed intensities of the gémmamrays were corrected
for crystal efficiency and the Compton effect using the curves of
Kalkstein and Hollandeﬂ? and Hea,th.8 .Escape peak corrections were made
using the curves of Axel,9

Beta spectra were measured with a "lens"-type electron spectrom-
eter of 2% resolution and 2% transmission® and a double=-focussing
electron spectrometer of 0.3% resolution and 0,1% transmission.'’ Con-
version=-electron energies were measured with 130- and 216-gauss permanent
magnet electron spectrographs of 0.1% resolution and 0,01 to 0,1%
transmission,

Samples for the "lens™ spectrometer were prepared by painting 1-
mil aluminum foils 2 cm. in diemeter with fingernail polish except for
an ares approximately 2 mm, in diampter in the center, This area was
.cleaned with insulin and the acid sclution containing the activity was
evaporated onto it, The samples for the double-focussing electron
spectrometer were prepared by evaporating the acid solution of the acti-
vity onto strips of l-mil aluminum or 2-mil copper approximately 1 mm,
wide and 5/8 inches ldnga These samples prepared by evaporation were
contaminated with visible mass and gave spectra which were.distorted in

the low energy region.

<
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The samples for the permanent magnet spectrographs were prepared
by electrodepositing the activity as the hydroxide oﬁto 10-mil platinum
wires from a 0.1 M ammonium bisulfate solution at a pH of 3.6,

Geiger-Mueller counters and NaI(T1l) detectors coupled to a
single channel pulse-height analyzer were frequently used to follow the

decay of a.sample.

SAMARTUM~142 AND PROMETHIUM-142

Qbservation and Mass Assignment of 72-Minute Samarium Activity
; In the first bombardment of neodymium oxide with alpha-particles
‘the samarium extractied from the target with sodium amalgem showed acti-
vities corresponding‘to 9-minute Smlu3, 340-day SmlnS, ﬁ7mhour Sm153,
and a previously unreported activity with a half-life of 80-90 minutes,
In later bombardments in which the saﬂarium fraction was separated on
an lon-exchange column, the new activity was found to have a half-life
of 72 + 2 minutes (Fig. 1), The longer half-life found in the first
bombardment is believed to be due to contamination by F18 which carried
through .the extraction., The T2-minute samarium activity was also found
in a single bombardment of CséS@u with I\Il)+ ions,

The T2-mimite samarium activity was tentatively assigned to
'Smlhz produced by the reaction Ndlhz(a,hn)Smlhz. To check this assign-
ment neodymium oxide was bombarded with alpha-particles whose energy
(37 Mev) was below the a,kn reaction threshold»(39_Mev*). In order to
reduce the contemination of the sample by Fl8, rare earth fluoride pre-
clpitations were made both before and after extraction of samarium with
sodium amalgem. The annihilation radiation of this sample had a half-
life of 115 minutes corresponding to the half-life of F18vwith no
shortening caused by the presence of T2-minute activity, Since in the

¥
The mass difference computed by Cameron (A.Revised Semi-Empirical Atomic

Mass Formula, CRP-690, March 1957.) gives a threshold of 39.6 Mev, The

subsequently measured positron energies give a threshold of 38.8 Mev,
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Fig. 1. Decay curve of the annihilation radiation of
Sml_‘ll'2 -- PmlLLZ equilibrium mixture, ’
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first bombardment the T2-minute activity predominated even though no
special effort was made to eliminate F18, it must be concluded that the
T2-minute activity was completely absent or at least greatly reduced in
this bombardment, Consequently, the 72-minute activity must be produced
by an Q,4n reaction since this is the only o,xn reaction whose cross-
section would be greatly reduced in going ffom 44,5 Mev to 37 Mev, and
the assignment of the T7Z-minute activity to SmlLLz is confirmed.

Di Capofiacco, Ferrero, and Mandd have recently observed a Th-minute

activity produced by the irradiation of Sm with bremsstrahlung with a

203
maximum energy of 30,5 Mev, This activity decays by positron emission

and K-electron capture, These authors have also assigned this activity

to Smlh? produced by. the Smlhu(r,Zn)Smlhz,reactionnl3

Gamma-Ray Spectrum

With the exception of the K x-ray peak, Fig. 2 shows the important
features of the gamma-ray spectrum of the T2-minute activity; this
spectrum was teken using a l-inch by l-1/2-inch in diameter NaI(T1)
cyrstal with beryllium sbsorbers above and below the sample to annihilate
the positrons and a lead absorber above the sample to absorb the K x-rays.
The prominent peak at 0.51 Mev 1s due to the annihilation of the positrens,
The small peak at 1,59 Mev decays with approximately the half-life of the
annihilation radiation and has been agsigned to the 72-minute activity,
The intensity of this gamma-ray relative to the number of positrons is
0.24%, The 0,72-Mev peak is probably due to a‘coincidence between an
annihilation quantum and its partner which has been Compton scattered at
180° in the absorber below the sample., The initial half-life of the
1.07-Mev peak is about one-half that of the 0,51-Mev peak indicating that
it is due, at least in part, to random coincidences between gquanta from
separate annihilation events. There may be, however, a contribution to
this peak from a gamma-ray of ~1,14 Mev with a half-life roughly equal
to that of the annihilation radiation, .

The ratio of K-electron capture to positron emission for the T2=
minute activity has been determined from.the corrected relative‘nUmbers

of K x-rays and annihilation photons to be 1.35 % 0,15,
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Fig. 2. Gamma-ray spectrum of Sm b2 - Pmlhz equilibrium “

mixture taken with a 1-1/2-inch by l-inch NaI(T1)

crystal. Beryllium absorbers were used above and ‘

below the sample to annihilate the positrons; a lead @
absorber was used to remove the K x-rays.
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Positron Spectrum

Positron spectra of the 72-minute activity were taken on both the
double-focusing and "lens"-type electron spectrometers., Figure 3 shows
the Fermi-Kurie plot of the positron spectrum taken on the dpuble-focusing
spectrometeni* This plot shows two positron groups with energies of
3.80 f g‘gg Mev and 1,03 % 0,07 Mev associated with the T72-minute activity.
(The largér limit of error on the low energy side of the 3.8-Mev group is
due to uncertainty in the energy calibration of the spectrometer; the
spectrum taken on the "iens" spectrometer shows an endpoint of 3.72 Mev for
this group.) The relative intensities of the two groups are 87 t 2% and

13 .+ 2%.respectively.

The Half-Life of Promethium-142

L2

The positron . and gamma-ray spectra clearly indicate that,Pml must
be in equilibrium with 72—minute‘Smlh2. The presence of two positron
groups without a gamma-ray of appropriate energy and abundance to depopulate
an excited state populated by the lower energy group shows that there must
be two nuclides associated with the 72-minute activity. It would not be
expected that the two nuclides are isomers of Sm142 since it would be a
purely fortuitous circumstance for them to decay with the same half-life,
Direct evidence that the second nuclide is Pm142 is found in the observa-
tion of the low intensity, 1.59-Mev gamma-ray; this energy corresponds
to the first excited state_(i.57 Mev) of Ndlhz. 14 Further, the high
energy of the one positron group is appropriate to Pmlh2 since its
daughter Ndl42 has a closed shell of 82 neutrons.
Since PmllLZ is in equilibrium with T2-minute Smluz,_its half-life,

according to Fischer's limits, must be less than two minutes. A further

*.
This plot has been constructed using the Fermi function appropriate -to
promethium decay for the higher energy positron group and the Fermi func-

tion appropriate to samarium decay for the lower energy group.
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Fig. 3, Fermi—K&rie plot of the positron spectrum of
smi#2 _. Pul*2 equilibrium mixture, showing its
resolution into components. "f for Z = 60 was used
for the total curve but after the subtraction of
the higher energy group, f for Z = 61 was used for
the lower energy group.
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estimaxé of its half-life was made by assigning the 3,8-Mev positron
group to it and assuming that its log ft is similar to those of the
gimilar nuclides Prluo and Eulhh; this estimate plgced the half-life
between 30 seconds and 2 minutes,

To measure the half-life of Pmlhz, the following experiment
was performed. Samarium-l42 was extracted from the equilibrium mixture
with sodium emalgam., The mercury layer was immediately withdrawn and
placed on a NaI(Tl) scintillation crystal coupled with a,photomultiplier
tube. The pulses from the phofomultiplier tube were passed through a
cathode follower and into a single-channel pulse-height analyzer whose
"window" was set to accept the annihilation radiation peak, The count
rate of the annihilation radiation was recorded with a "Speedomax!
recorder operating with a chart speed of six inches per minute. (Figure
L4 gives a schematic diagram of the counting arrangement.) In this manner

the rate of growth of Pmlu2 into Smlkz

was determined,

One of the many growth curves obtained is shown in Fig, 5a. Figure
5b is the semi-log plot of (equilibrium count rate — count rate at time
1) vs time obtained from this curve; - thé half-life of Pmlh2 is given
directly by the slope of this line, The average value of the half-life
obtained from the best growth curves by graphical and least squares
analyses is 34 seconds. This value is probably within * 3 seconds of

the true half-life of Pmlhz.

Discussion

The 3,8-Mev and 1,03-Mev positron groups have been assigned to

Pmluz and Sm142 respectively, The positron, K-electron capture, and

L-electron capture branching of the decays of Smlb'2 and Pmlh2 have been
calculated from the K-capture to positron ratio, the relative intensities
of the positron groups, the genetic relationship between the two isotopes,
and the theoretical L- to K-capture ratio (L/K = 0.1315). These calcu-

lated branching percentages are given in Table IT,
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Hg layer from Na (Hg) extraction

- B Single - channel ) )
o pulse -height Speedomax
recorder

_ analyzer

Cd\‘hode follower

Photomultiplier tube

NaI(TI) crystal

MU=-20260

Fig. 4, A schematic diagram of the counting arrangement
used in measuring the half-life of Pmluz. ‘
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Fig. 5b. Semi~-log plot of (equilibrium count rate - count
rate at time t) vs time. The half-life of Pul¥2 {5 ,
given directly by the slope of this line.- (A constant
equilibrium count rate was assumed in constructing
this curve; when the 7Z-minute decay of the equilibrium
count rate is considered, the half-life in increased
sbout 4 seconds.)

&



Table IT

' 1
Branching in the Decays of SmlLLZ and Pm &2
o1

Smlhz Pm 42

K-Electron Capture: 9% - 27%
L-Electron Capture: _ 10% 4%
 Positron Emission: 109 69%

The 1.59-Mev gamma~-ray has been assigned to the transition from
the 1.57-Mev excited stéte_of Ndlb'2 to the ground state. The abundance
of population of this excited state by Pmll'L2 decay is 0.2%.

The experimental branching percentages preédict that the ratio of
promethium K x-rays (samarium K-EC) to neodymium K x-rays (promethium
K-EC) should be 2.9 in the equilibrium mixture. To measure this ratio
experimentally a critical x-ray absorption experiment was performed. Due
'té the fairly rapid decay of the sample the absorption curve was not
carried out to high absorber thicknesses. Unfortunately, the low ab-
SOrber.part,of the curve is not very sensitive to the ratio promethium
K x—rays/neodymium K x-rays, and a direct determination of this ratio
could not be obtained from the absorption curve. Consequently, absorp- .
tion curves for the ratios 2.5, 2.9, and 3.5 were constructed using the

*
half-thicknesses in barium (powdered Ba(C was used as the absorber)

2H302)2
and the relative intensities of the various K x-rays. These curves are

€,
&
&

*These half-thickness values were obtained by graphicaily extrapolating,
in analogy to the data of Grodsteinl6 for>x-ray absorption in tin, iodine,
and tungsten, the abSorption coefficient of barium at 102 kev given by
Davisson and Evans.17 The ratio of the absorption coefficient just above
the K edge to that just below it was taken to be equal to the ratio of
the K to LI electron binding energies, These extrapolated values gave

better agreement with the experimental data than those obtained from

absorption coefficient data for barium given by S. J. M, Allen.18
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compared to the experimental data in Fig, 6. This comparison shows . that
‘the ratio samarium K<EC/promethium K-EC = 2.9 is consistent with the
experimental data and that_the most probable value of this ratio is
between 2,7 and 3.0,

The log ft values of the observed transitions are: from Smlhz.to
1 :
the ground state of Pm he ~= log ft=5.13 from Pmlhz‘to the ground state
of NaT*? - 10g £t=k.3; from PnY? to the 1.57-Mev level of Na 2 --
19

log ft=6.2, The log f values used are those of Feenberg and Trigg.
log £ = log (fﬁ*;+ fK) was used in conjunction with the partial half-life
for (BT + K) decay to minimize the dependence of log ft on the branching

ratio,

The log ft values of the transitions to the ground states of Pmll(L2

and Ndluzvindicate that these transitions are allowed, This limits the

possible spin assignments for PmllL2 to either O+ or 1+. The spin of the

1.57=Mev level of Ndluz-has been previously assigned as-2+.lh’2o The log
ft value of 6.2 for the tramsition to this level is much too low for s
second forbiddeﬁvtransition. Thus, the O+ spin assignment 1s ruled out
and the spiﬁ of Pmlu2 +,
postulate2 that the odd neutron should be in a'd ' state, the odd proton

. 3/2
in a 4 state with coupling, according to Nordheim's rules, to give g

must be;l+‘{ This 1s in agreement with Fischer's

5/2 7"
spin of 1+,

The transition to the first excited state of Ndlhz, although

allowed, has an ft value 80 times greater than thé ft of the ground state
transition, If it is assumed that the decay to the ground state goes to

a configuration of two 4 neutrons .coupled to give I = 0 and the decay

3/2

to the excited state goes to a configuration of two 4 neutrons coupled

to I = 2, Rose and Osborn*SZl formulation for the-betzégecay matrix
elements of the two nucleon configurations predicts that the ft of the
transition to the excited state should be 50 times that of the ground
state transition. Althoughvthis is quite good agreement, it may perhaps
1 - é configuration
1n the excited state. It should be noted, however, that the Rose and

be improved by considering an admixture of a_(dS/2 P)2

Osborn formulation gilves rather poor agreement with experiment in many
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Fig. 6 Critic&l gbsorption curves for the K x-rays of
Smlﬁ'2 e equilibrium mixture. Qexperimental points,

Curves A, B, and C are constructed for promethium K x-rays/
neodymimK x-rays=2.9, 2.5, and 3.5 respectively, Curves
a, b, and c¢ are, respectively, the contributions of
promethium Ky and Kg x-rays, neodymium Ky x-rays, and
neodymium x-rays to curve A, For curves a, b, and e
weighted averages were used for dy/p's; for curves A, B,
and C individual dl/z's were used.
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cases of similar decays. The excellent agreement obtained here may be
due to the fact that Ndlhz‘is a closed-shell nucleus,

The experimentally measured K-capture/positron ratios are com-
pared in Table III to the theoretically predicted ratios. The uncertain-
ties in the experimental ratios are derived from the uncertainties in
the relative positron intensities and the K-electron capture/positron
ratio of the equilibrium mixture with the additional restraint that the:
ratio premethium K x-ray/neodymium K x-rays=2.9 * 0.2, The theoretical
ratios are interpolated from the values given by'Zweifel.22 The un-
certainties given for the theoretical ratios,cofrespond to the uncertain-
ties in the measured positron energies.

There are clearly discreparcies between the experimental and
theoretical ratiocs with the experimental ratio being larger than the

theoretical ratio in the decay of Pmlhz and smaller in the decay of Smluz.

In contrast to these dlscrepancies, Perlman, Welker, and Wolfsberg23
- found falrly good asgreement bhetween experimental and theoretical K-capture/
positron ratios for a number of allowed transitions in low and medium

‘weight nuclei. However, the one clear case of disagreement which they

found was the decay of snT™ which had both the highest Z (50) and the

highest positron energy (Emax = 1,51 Mev) of the nuclel considered.

The decay scheme for the chain Smlhz—-l’mluz—i\]dlhz is glven in

150 24

Fig. 7. The decay of Pr s which is just two protons removed from
1

Pm 42, 1s nearly identical to that of Pmlhz.r The two decay schemes are

- compared in Fig. 8.

- Table III

K/é+ Ratios

Experimental Theoretical
Smll‘L2 8 +2 15 = 3
e 0.40 % 0,06 0.23 £ 0,02

S
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.57 Mev
© 2
Nd "4
MU-20264

Fig. 7. Decay scheme of Smlk2 - Pmlh2 ~- Nd:thz decay chaln,
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Fig. 8. Comparison of Pmlhz and Prlho decay schemes,
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'PROMETHIUM-149

The decay of Pmlhg has been studiled previously by several experi-
menters., Thelr studies have shown that-Pmlh9 decays with a half-life of
about 50 hours by the emission of B--particles with a maximum energy of
about 1 Mev and there is a prominent 285-kev gamma-ray in coincidence
with the beta.-particleso25 The results of the present study agree with
these observations, and in addition, seversl new features of the decay

of Pmlh9 have been found,

Gamma.~-Ray Spectrum

149 is shown in Fig, 9. This spectrum

The gemma-ray spectrum of Pm
was taken using a 3-inch by 3-inch, bevelled NaI(Tl) crystal and L grams/ -
em® of lead absorber, The 285-kev peak has a 53 hour half-life and cor-
responds to the prominent gemma-ray previously reported, The 840-kev
peak also has a 53 hour half-life and is assigned to the decay of Pmlu9,
The 135-kev pesk decayed at the same rate as the 285-kev peak, However,
its energy corresponds,tb the energy of a 285-kev photon Compton scat-
tered at 180° and it is assigned as the "backscatter" pesk of the 285-kev
gamma~ray rather then as a gamma-ray associated with the decay of Pmlh9,

The 580<kev peak initially decayed at about the same rate as the
285- and 840-kev peaks indicating that there is a 580-kev gamma-ray
associated with PmllJr9 decay, After a few days its decay rate appeared
to be slower and the peak shifted to lower energies., This is probably
due to a slight contamination of the sample by 1l-day Ndlu? which has a
prominent 532-kev gamma=ray.25 .

After subtracting the contribution of Ndl)+7 to the 580-kev pesk,
the relative intensities of the 285-, 580-, and 840-kev gamma-rays are
100, 5, and 6 respectively, v

The approximately l~Mev gamma-ray reported by Fischer26v may
correspond to the 840-kev gamma-ray observed hére. The l;3 + 0,2=Mev

a7

gamma-ray reported by Rutledge, Cork, and Burson~ ' was not cbserved; the
upper limit of its possible intensity is 0,1 (on the relative intensity

scale used above).
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Fig; 9. Gamma-rsy spectrum of ‘.E’mll‘9 taken %ith a 3-1inch -
by 3-inch NaI(Tl) crystal and a 4 gm/cm® leed absorber.
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Gemma~gemma, coincidence studles were made using the coincidence
unit of the 100-channel pulse-height analyzer (Penco). The energy of
the gate pulse was selected by a single-channel pulse-height analyzer,
These studies showed that there are no coincidences between the 285-,
580=, and 840-kev gamma=-rays. _

The absence of gamma~-gamma coincidences unambiguously establishes
excited levels in Smlh9 at 285, 580, and 840 kev, The energies of pos-
sible transitions between these levels are 260, 295, and 555 kev, These
energies are such that the correspanding gamma-rays would not be resolved
from the 285- and 580-kev garma-rays in the singles spectrum, However,
the coincidence data enable us to set an upper limit on the intensity of
these gamma-rays of approximately 10% of the intensity of the 580-kev
gamma~-ray,

In addition to the gemma=-gamma coincidence studies,; beta-gamma
delayed coincidence measurements were made to determine the lifetime of

the 285-kev level of Smlu9, The time delay between the beta-particle

and the coincident gamma—ray was converted into a pulse-height28 and the
pulses were analyzed with a 50-channel pulse-height analyzer, Each
channel represents an increment of time and the counts recorded in the
channel gives the number of events having a time delay within this
increment, When a time~delay spectrum obtained in this manner is plot-
ted on a semi-log scale the slope of the upper side of the curve gives
the half-life of the state being studied,

The delay curve for the 285-kev level of Sm
10. For this curve each channel corresponds to a time increment of
1.13 X 10-9 seconds, The slope of this delay curve gives a . half-life
of 1,3 x 10—9 seconds; however, this corresponds to the limiting half-

149

is shown in Fig.

life which can be measured by the experimental procedure employed and

1.3 x,lO"9 seconds is only an upper limit on the half-life of the 285-kev
149

level of Sm .
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Fig. 10. B~ -- 285-kev gamma delay curve., 1.3 x 1077
seconds is tﬁe upper limit on the half-life of the 285-kev
level of Smi*9,
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Electron Spectrum

149

v The beta spectrum of Pm was measured with the double-focusing
electron spectrometer. The Fermi-Kurie plot of this spectrum is shown
4in Fig. 11, The curvature of this plot indicates that the spectrum is 4
complex but it is difficult to resolve the spectrum unambiguously., How-
ever, the gamma-ray data show ‘that the highest energy beta group must
populate either the ground state or the 285=kev level of Sm h9, Since
the energy difference between the 285- and 580-kev levels is 295 kev,

it seems reasonable that the spectrum should initially be resolved into
two components with an energy separation of ~290 kev, This resolution

is shown in Fig, 11, The energies of the two beta groups are 1,07 =
0.02 Mev and 0,79 Mev and their intensities are 90% and 10% respectively,
The continued curvature of the spectrum probably is due mostly to sample
thickness rather than to a third resolvable beta group,

The conversionselectron lines of the 285-kev transition were
studied using the 130~gauss permanent magnet spectrograph, The data
obtained are summarized in Table IV, These lines are superimposed on
an intense Beta background and it was not possible to obtain relative
intensities from densitometer measurements. The K/LI ratio determined
from visual comparison may easily be in error by as much as 50%. The
transition energy of 285.6 kev and the K/L ratio of 6 agree within
experimental errors with the transition energy of 284,9 kev and K/L ratio

of 8.0 * 2.5 reported by Rutledge, et al. 21

Table IV
149
Conversion~Electron Lines of Pm
Ee;(kev) Visual Intensity Assignment Transition
Energy (kev)
238.7 1k K 285.6
278.0 2.3 L 285.7

283.7 weak M( 285.4
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Fig. 11. Fermi-Kurie plot of the beta spectrunm of Pul '),

showing its resolution into components.



Discussion and Decay Scheme

Excited levels in Smlhg at 285, 580, and 840 kev have been

estaplished by the gamma-ray data., The energy difference between the
two beta groups may correspond either to the energy separation of the
ground and first excited states or the separation of the first and
second excited states, However, the relative intensitles of the beta
groups are a factor of two différent from the relative intensities of
the 285- and 580-kev gamma-rays, For this reason, it seéms. probable
that the higher energy beta group populates the ground state and the
lower energy group populates the 285-kev level,

Using these assignments, the intensities and the log ft values
of the transitions to the ground, 285-, 580-, and 8L40-kev states can
be calculated, These values are glven in Table VT The log ft values
indicate that these transitions are all fiyst forbidden, i.e,, A I =0,
= 1 with a change of parity, If these classifications are correct, all
of these levels would then have the same parity and the maximum spin

difference between them would be two.

Table V
Intensities and Log ft's of the Beta Transitions of Pmlh9
Level Populated EB (kev) Intensity‘<%) log ft
ground - 1070 89 ‘ , T.1
285-kev 790 10 7.6
580-kev 490 0.4 8.3
840 -kev 230 0.5 - 7.1

N .
The intensities of the transitions to the 580~ and 840-kev levels have
been corrected for the internal conversion of the 285-kev transition

using the M1 conversion coefficients for this transition.
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The 285-kev transition has been aSsignéd by Rutledge, et 31627

as a magnetic-dipole transition, The data obtained in this study support
this assignment. The spin and parity limitations implied by the beta-
transition claséifications limit the possible multipolarities of this
transition to M1 and E2, The theoretical K/LI ratios for Ml and E2 are
7.4% and 9.3 respect:i.vely.z9 The.K/LI ratio of 6 determined here is in
better agreement with an M1 assignment-than with an E2 agsignment,
Further, the absence of the LII and LIII~conversionalines.is,consistent
with an M1l assignment but is not consistent with an E2 assignment,
It 1is difficult to interpret the levels of Smlh9 in terms of a
nuclear model since it lies between the regions of applicability of the
shell model and the strong coupling, colléctive model, However, the

149 and Pmlh9 may be interpreted

149 is

in terms of the shell model predictions, The,measuréd spin of Sm

7/2536’3l This would correspond to the odd neutron being in an f7/2
2

orbital. As pointed out in the discussion of the Pmlh ground state

ground state spins and parities of Sm

spin, the o0dd proton of promethium would be expected to be in a d5/2
I=1,

yes transition in agreement with the experimental log ft. (These assign-
32)

orbital. The transition between ground states would then be a A

ments have previously been given by Feenberg,
The results of this study of the decay of Pmlh9 are summarized

in the decay scheme shown in Fig, 12, This.decay\scheme is nearly
identical to that proposed b& Burson and‘Schﬁid633 'waever, they have
chosen to classify the beta transition to the 580-kev level as a

A I =2, yes transition while we prefer the AT =0, + 1, yes classifi-

| cation, They also observed a 548-kev gamma ray in coincidence with the
285-kev gamma ray. This obsérvation is not in coﬁflict with the absence
of coincidences reported here since -their coincidence circuit.had a much

34

smgller resolving time than the coincidence circuit used in this study

and would be more sensitive for the detection of low .intensity coincidences,
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Fig. 12. Decay scheme of Pm 9‘
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II. THE CORIOLIS INTERACTION IN DEFORMED NUCLEI

INTRODUCTION

In their limiting solution for the strong coupling of individual .
nucleonic motion to the collective motions of a spheroidally deformed
nucleus Bohr and Mottelson35 treated the motion of the individual nucleons
as being separable from the collective motions. in actual practice, how=-
‘ever, this separation will never be complete. One of the interactions
which coublés the nucleonic and collective,motions, causing a Jbreskdown
in this adisbatic approximation, is due to the Coriolis force exerted on
the individual nucleons by the rotational motion of the nucleus. This
present work will consider the effect of this interaction on the energy
spacing of the levels in the rotational bands predicted by the strong
coupling model,

In the strong coupling model with the adiabatic approximation the
energies of the levels in a rotational band are given by  a

#2
Ep =B +3& T (I +1) ‘ (1)

where EI>is the energy of the level with_spin.I,»EO is a constant, and -
3 is the moment of inertia; In order for the adisbatic approximation
to be valid, it is necessary that the frequency of particle excitations
be much greater than the frequency of collective excitations. This .con--
dition is generally met in the highly deformed nuclei in the mass
regions of A ~ 25, 155 < A < 190, and A > 230, and this model has been
highiy successful in interpreting nuclear spectra in these regions,
However, even in these regions the experimental nuclear spectra .are
often found to.deviaté slightly from the simple rotational spectra
described by Equation (1), Therefore, one interest in the study of the
Coriolis interaction in deformed nuclei is that it may provide an ex-
planation of many of these small deviati@nsvin rotational structure.
Also, in.tﬂese regions of large deformation, we may find some
nuclei which have interacting particle states with a relatively small

energy separation, and for these the adisbatic approximation will no
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longer be valid, Further, we must expect this approximation to fall
near the edges of these regions, since, as the nuclearvdeformation
.decreaseé,.the rotational excitafion frequency will increase and the
particle excitation frequency will deérease; We may hope, then, that
by including the effect of the Coriolis interaction we may exténd the
strong coupling model to these nuclei and explain their spéctra in terms
of admixed rotational bands, .

The first part of this present work gives a deﬁelopment of the
’Corioliévinteraction in a generalized nucleus which enables us to pre~
dict, in a qualitative manner, the effect of this interaction upon the
rotational energy level spacings. The second part is a more detailed

application of the Corilolls interaction to the energy levels of Pa23l

and Pa233, o :
This interaction has been previously considered by Bohr53§
37 38

Rasmussen,”’ and, in gfeater detail, by Kerman, (Bohr has designated
the Coriolis dperator as Uls,Kerman calls the interaction "rotational
particle coupling" or RPC,) Before proceeding to ‘the development of
this interactioﬁ in a general nucleus, we give here a summary of the
observations of these authors concerning its properties and effects.
The Corilolis interaction couples states which have the same
spin and parity but differ by one in K and {, the projections of the
nuclear spin f.and the particle angular momentum Erbn the nuclear sym-
met?y axis, The strength of the interaction incregses with increasing
J and increasing I. - The interaction will be most important in odd-mass
nuclei since they will have lower-energy excited particle states, - (This
work will consider only odd-mass nuclel and low energy rotational bands
for which K = Q)
' If the interactlion is small, its effect on the energy levels of
the lower energy rotational band may be manifested only in an increase
in the moment of inert%a.i Prior39 has successfully correlated the in-
crease in momenta of inertia in going from an even-even nucleus to the
next heavier odd A nucleus with the effect of the Coriolis force on the

odd nucleon, In addition to the increase in the moment of inertia this
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band may show an I° (I + l)zuenergy'correction term of either sign. It
‘.should also ‘be neted here that the upper of two inﬁereétihg bands will
have an apparent decrease in the moment of 1inertia, If the interaction
is large, compared to their separatlon, the rotatlonal bands may be S0
distorted that they w1ll not be recognizable as such,
In addition to the energy effects noted above, the mixing of

levels may have marked effects on=properties.whieh,aredsensitive to the
nuclear wave functibn‘suchvas magnetic moments and eleetromagnetic

38

} trénsition'probabilitiesa Kerman®~ has given formulae for the electro-

magnetievtransitien:probabilitiesvbetween admixed states,

THE CORIOLIS INTERACTION IN A GENERAL NUCLEUS

» To calculate the effect of the Coriolis,intefaetion in a general
nucleus we will use a nuclear model like that of Nilssonho-in.which the
(23 +'l)hdegenera$e, closed=ghell orbitals are split, under the influence
' of an axislly symmetric, non-spherical potential, into (J + 1/2) doubly-
degenerate orbitals characterized by @, the projection of 3‘ on the
nuclear symmetry axis. The appropriate nuclear wave funetions are of -

the form given by Bohr and Mottelson: 2

— S I-3 _
¥= o (X Dp+ ()7 X_QDM_K-} .

® and D describe the vibrational and rotational motion of the nucletis
éndlxvthe individual nucleonievmotion, |

If we consider a nucleﬁs.composed of a "core™ of paired nucleons
Pplus one nucleon which¢hasva,differentfg'thanany,of the like nucleons in
‘the "core", the coupling of its angular momenta will be as shown in
Fig. .13, i: T and'ﬁ'are, respectively, the total nuclear, the particle,
and the rotational angular momenta; K and Q are the projections of_f and

Ehon-the nuclear symmetry axis z, For this nucleus

(R®S = <(f-f5)2> = I (I+1) +3(j+1)-2T.73,
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Fig. 13. Vector diagram of the coupling of the angular
momenta of a spheroidally deformed nucleus,
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We are, however, interested in the more general case in which we have n

nucleons with the same'g‘outside of the "core", For this case

CRB> = (-3 o, e 2D

n

) n
. - e e ] — -
I(I+1)+nj(j+1) -2 EZ: I-3;+¢2 :E: j. e 3

il

Since we are interested in odd-A nuclei, we will consider only odd n,
We now wish to evaluate that part of <\R2:> which is diagonal

in K and Q. For this evaluation we will assume that only one nucleon

is'unpairedj that is, the n nucleons fill inteo the appropriate orbitals

in pairs leaving only the odd nucleon unpailred, Then

n
’ZZ I.3 =-2Kaq -2(1 3 4TI 3
I & (Ty g * Ty gy
1=1

where the subscript p refers to the unpaired nucleon, The second term
on the right side is the Coriolis operator and makes no diagonal contri-

bution unless K = 1/2 in which case there is a diagonal contribution of

(_)I+j (3 +1/2) (T +1/2) . |

—

Rewriting the terms ji . jk we have
. : ; : . A
Jy Jp = dig dkg T dix Jkx * Jiy Jky
=0 12 (3, g+ g

» S 444 . ‘ . . » .
where“«’_gi dx in The term (Ji+ Jk_ + ji- Jk+) leads.to an exchange
of nuecleons if Qi = Qk + 1, Because the wave function is anti-symmetric
in the exchange of nucleons, these terms enter with a sign change. The

contribution of these exchange terms can be evaluated using the relations
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. (s 1/2

I, X = (3 (3+1) -0 (o +1) X0 41

: . (s 1/2

I Xgaq = [§(j+1) - (Q +1) 1] X

) Combining the individual terms, we have
, .
_ C (5 e 1) -
<fR i>diag I(I+1)+nj(j+1) -2K Q,
I+3 ;.
+ (=) (§ +1/2) (I + 1/2) SK/l/z | (2)

n
E: 9 9 - E:‘ [J(+1) -0q (ni + 1)

i,k=1 i
i#k
A

where the last sum is taken over all the i(th) nucleons (outside of the
"core") for which there is & k(th) nucleon (outside of the "core") such
that Q. = O, - 1, The diagonal contribution to the rotational energy

i k
is

E, (diag) = 5%; <6R2>>. ' (3)

This is Jjust the familiar formula for the energies of unperturbed
rotational levels since, for a given configuration of n nucleons, all

of the terms of <R > are independent of I except

+J

I(I+1)+(- ) (3 +1/2) (I +1/2)53

K,1/2 °
However, we have an explicit expression for that part of the rotational
energy Wthh is independent of I,

In order to calculate the effect of the Coriolis interaction on
the rotational levels given by Eq. (3) we need to know the energy
separation between the different\psrticle‘states (i.e,, the different
possible configurations of the n nucleons) For this calculation we

will assume that the relative energies of the particle states are
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proportional to:the sumwf the squares of the Q's of the nucleons, Then

the total diagonal energy is given by

. : 2 . n l
Eq (diag) = E% <RZ >+ ¢ Z 912 . (L)
: d=1

The matrix elements of the Coriolis operator are (ef. ref. 36 or ..
ref, 38) '

I

, _ 1/2
1Kkl =

2 |
“E% ((T(T+1) -k (k+1)] [3(5+1) -0 (e+1)])7°

(5)

We may now write the secular equation for the levels of spin I
in our general nucleus. Expressing it in determinantal form, the diag-
onal elements are [ET(I,K)-W] where EdiI,K) is given by Eq. (4). The

first off-diagonal elements, mt , are given by Eq. (5); all other

K,‘K‘l"l
off-diagonal elements are zéro. The order of the determinant is (I +.1/2),

For example, the secular equation for I = 7/2 and J > T/2 is

The roots of the secular equation give the energies of the»perturbéd levels
of spin I. The complete perturbed rotational spectrum is obtained by sslv-
ing the secular equation for each I. v |
The odd-mass deformed nuclei may be described approximately in
terms of the model used here. Hence, the above development may be used

to calculate the effect of the Coriolis interaction .in these nuclei, but,

E ( ' 1/2) H7/2 0
2,1/2) - W - 0 '
/253 1/2,3/2 :
T/2 L 7/2
H : E (7/2,3/2) ~w = H 0
/2,3/2 | 3/2,5/2
/2 7/2
0 H ~ E(7/2,5/2) - W H
3/2,5/2 5/2,7/2
' 7/2 ,
0 0 H E (7/2,7/2) - W
5/2,1/2
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because this description is only approximate, the correspondence between
the calculated spectra and the gctual nuclear spectra cannot be expected
to be quantitative. | ,

Specifically, there are two major discrepancies between this
model and actual nuclei, First, it has been implicitly assumed that there
are no residual forces between nucleons (i.e., independent particle motion).
If this were true, even-even nuclei should have excited particle states aﬁ
approximately twice the excitation energy of the first excited particle
state in the.iower, neighboring odd-mass nuclei, These states have not
been observed and their absence is associated with the palring force
between nucleons, The results of both Equations (2) and (5) will be
affected by this configuration mixing,

Secondly, the assumption that the relative energies of the particle
states are proportional to Z Qz is valid only in the limit of small deformaQ
tion. At the deformations necessary for rotational spectra the spacings
will deviate from thils approximation, and in some cases these deviations
may be quite large,

Despite these rather serious approximations, spectra calculated in’
the menner described show clearly the major effects of the Coriolis inter-
action on the spacings of the levels of rotational bands. Sample spectra
‘are shown in Figs. 1%, 15, 16, 17, 18, and 19. These spectra are for
J =13/2, n=1,3,and5and j =15/2, n
They have been calculated for [hz/z.% cl
arbitrary., The levels on the left of each figure are the ummixed rota-
tional levels obtained from Eq, (4). The position of these levels after

1, 3, and 5, respectively,

0,05; ﬁhe energy scale is

the inclusion of the Corilolis interaction are shown on the right. Only
the levels of the two lowest rotational bands are shown, _

To simplify the calculation of these spectra only the interactions
of the K = 1/2, 3/2, and 5/2 rotational bands were considered for n = 1
and 3; for n = 5 the interaction of the K = 7/2 band was also included.
The effect of the neglected interactions on the levels shown.will be
small and, if included, would not change the qualitative features of the

spectra,
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Fig. 14, Mixed rotational levels of a generalized nucleus
with j = 13/2, n = 1, £%/2 % C = 0.05.
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The effects of the Coriolis interaction in actual nuclei seldom,
if ever, will be as great as the effects shown here. In this sense these
mixed spectra are unrealistic; they will, however, serve as graphic
hyperboles, »

The most striking effect illustrated by these spectra is the
mutual distortion of the K = 1/2 and 3/2 bands, For j = 13/2 the sign
of the decoupling term of the K = 1/2 band is negative for I = 1/2, 5/2,
9/2, 2+e3 the sense of the mutual distortion for the K = 1/2 band lowest
is shown in Fig, 14 and for the K = 3/2 band lowest.in Fig, 15, For
J = 15/2 the sign of the decoupling term is negative for I = 3/2,‘7/2,
11/2, co»2 the sense of the mutual distortion for the K = 1/2 band
lowest is shown in Fig, 17 and for the K = 3/2vband lowest .in Fig, 18,
For other values of J the mutual distortion of the K = 1/2 and 3/2vbands
will be similar to (but less pronounced than) one of the examples shown
here, If (j + 1/2) is an odd number, the appropriate examples will be
those for j = 13/2; if (J + 1/2) is an even number, the apﬁropriate ex=
aﬁples will be those for j = 15/2.

The second major effect of the Coriolis interaction 1s illustrated
by the K = 5/2 bands in Figs. 16 and 19, This effect is the compression
of these bands causing them to exhibit extremely large effective moments
of inertia. If, for exemple, we assume that.hz/z S = 10 kev for the
unimixed K = 5/2 band of Fig. 16, we find from the separation of the
I=5/2and 7/2 levelsvthax,hz/z S = 4 kev for the mixed band, Further-
more, the I = 9/2 level is found to be at 68 kev rather than at 64 kev as
predicted by the simple rotational formula. This is the discrépancy
which, in the perturbation limit, is described by adding a positive
1% (T + l)2 correction term to the simple rotational formula (see
Introduction), The effect of the interaction on K > 7/2vbands should
be similar to. its effect on the K = 5/2 band,

It should be emphasized that the interacting rotational bands -
considered here are all based on particle states in which the odd
nucleon is in orbitals of the same'T?(but different @), If a nucleus. .
has rotational bands based on particle states for which the o0dd nucleon

is in orbitalé of differentfﬁj there will be no Coriolis interaction
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between them if they have opposite parity; if the bands have the same
parity, there usually will be an interaction between them but it will -
be relatively weak., 1In either case, however, each of these bands will

be subject to interactions of the type described here,

THE CORIOLIS INTERACTION IN PROTACTINIUM=-233 AND =231

Stephens, Asaroc, and Per’lmaam‘ll'l have concluded that the apparent
lack of rotational structure in the isotopes of actinium and protactinium
is probably due to the pfesence of a largé'number of ancmalous K = 1/2
rotational bands in this region and their effect through the Coriol;s
interaction on the nearby K = 3/2 (and in some cases K = 5/2) rotational
bands. Usihg this conclusion, they have made Nilsson staté*assignments
to the levels of these isotopes. Their assignments will be used as the_
bagis of thils discussion of the Corilolis interactidn.in=Pa233 and Paz3l.

The levels of Pa233 populated by the alpha decay of Np237 are
shown in Fig, 205* The pertinent section of the Nilsson level diagram
is given in Flg, 21. The level assignments of Stephens; et al, for Pa.233
ares

(1) the levels at 0, 6, 56, and 69 kev are, respectively, the

I=23/2,1/2, 7/2, and 5/2 members of a rotational band
based on the Nilsson level 1/2- [530],

(2) the level at 86 kev is the 5/2+ [642] Nilsson level, and

(3) the level at 205 kev is probably the 3/2+ [651] level,
Mottelson and I\Iilsson'42 have suggested the same assignments for these
levels and, in addition, have suggested that the levels at 157 and 177

*These levels, with the exception of the 108-kev level, are taken from
the compilation of Mottelson and Nilsson.LLZ The 108-kev level, the
multipolarities of the 30- and 86-kev transitions; and the alpha-decay

- hindrance factors given here are from a private communication from Asaro,

Perlman, and Stephens.



-51-

Np237

H.F. E (kev)
350
288
35 228
8 205
40 177
171
40 162
157
140
‘30 108
5.8 -‘ 103
5.1 L 86
190 = 69
. 250 56
w
L e —— — — — — 6
7 .
ero pg233 0
MU=20277
. , 233
Fig. 20, The energy levels of Pa .



52~

g8 B
hw(8) o %, -[503]
P2
6.50- ¥2+{606]
P2 7% -[503]
12 -[510]

< T =
6.25- "/2+[615]
. / f 5/2 Y% _[505]

/ % - (512
e o)
\ V

\\\ \
h T~y
i 523)
Y2+ (642 ]

5.50- S % -[530 ]

Y2-[541]
Y2+ [660]
¥%-[532]
¥2+[651)

0 ol 02 03  §
MU-15745

Fig, 21. Nilsson level diagram for protons for

+ 82 < 2 <126, The abscissa is the nuclear deformation
(pralatg), and the ordinate gives the relatlve energy
of the levels. The dashed line indicates very roughly
the deformations oﬁ the heavy elements (Stephens,
Asaro, and Perlmanl)



_53_

kev are the I = 11/2 and 9/2 members of the 1/2- rotational band, the
level at‘:lO3 kev is the I = 7/2 member of the 5/2+ [642] band, and the
level at 228 kev is the I = 5/2 member of the 3/2+ [651] band.

The members of the rotational bands based on the 5/2+ [642] and
3/2+ [651] levels will be coupled by the Coriolis force.* In addition,
the 1/2+ [660) and the T/2+ [633] levels may lie nearby, Their rotak
tionsal Bands will be stfongly coupled to the rotational bands of the
3/2+ [651] and 5/24 [642] levels; respectively.

The experimental evidence tends to confirm thé presence of a
pronounced. interaction of the type just outlined. First of all, the
well-developed 1/2- rotational band indicates that the nucleus has a
stable spheroidal deformation; yet, there is no obvious rotational band
based on the 5/2+ level at 86 kev (nor on the somewhat more tentatively
assigned 3/2+ level at 205 kev)., As suggested by Stéphens, et al;, the
Coriolis interaction may account for this lack of apparent rotational
structure, Secondly, if the level at 103 kev is the I = 7/2 member of
the 5/2+ [642] rotational band, this band must have a very large moment
of inertia. As noted before, one of the characteristic effects of the
Coriolis interaction is an increase in the moment of inertia. Finally,
the alpha-decay hindrance factors (see Fig. 20) indicate that the levels
at 86 and 103 kev and the levels at 205 and 228 kev are populated by

2 ’ IR : ;

The strength of this coupling may be reduced gince thése particle states
ere formed in a different manner. The 5/2+ [642] state is formed by
promoting the odd proton to this level from the 1/2- [530] level while

the 3/2+ [651] state is formed by promoting one of the paired protons in

this level to the 1/2- [530] level. Nominally, then, the 5/2+ [642]

state has 5 1 z‘protons and the 3/2+ [651] state has only 3 113/2

13/

.protons. Since the Coriolis operator is a single particle operator we

would expect no interaction in the absence of configuration mixing, How-

ever, configuration ﬁixing via the important pairing interaction will

'~ cause some coupling between these states and this coupling can produce a

large effect since the energy separation of the interacting levels is

extremely small,
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favored alpha decay. Since the ground state of Np237 is the 5/2+ [642]
level (Stephens,.et alohl) favored alpha decay to the 86- (and 103-) kev
level is expected (this is actually one of the arguments used in assign-
ing this level), Mottelson and Nilsson (MN, p. 56) suggest that the
favored alpha decay to the levels at 205 and 228 kev may be explained

as the result of Coriolis coupling between the 5/2+ [642] and 3/2+ [651]
rotational bands.*

If, as the evidence suggests, we have here a group of rotational
bands coupled by strong Coriolis interactions, it seems likely that some
of the other levels shown in Fig. 20 are members of these bands but are
not recognized as such because of their distorted energy spacings., Pre-
liminary calculations by Stephens’u3 ihdicated that this is the case,
Consequently, we have made a more detailed study of the Coriolils inter-
actions between the even parity rotational bands expected to be at
relatively low energies in Pa233. _

Four interacting rotational bands have been considered here; these
are the bands based on the 1/2+ [660], 3/2+ [651], 5/2+ [6L42], and T/2+
[633] intrinsic states, The effect of the Coriolis interaction on the
energies of their levels was computed by solving secular equations of the
type given in the preceding section. The diagonal elements of these
equations are the energies of the levels of the rotational bands in the
absence of the Corlolils interaction., Five pavameters, the position of
one member of each }otational band and a moment of inertia (assumed to
be the same for all bands), were used to specify these energies, The
limiting value of J + 1/2 = T was used for the decoupling constent of the
1/2+ band. The off-diagonal elements were assumed to have the dependence
on I, j, and K (= Q) given by equation (5) of the preceding section, The
magnitude of these elements was allowed to vary by replacing nz/z 3 with

a variable parameter k.

[ T A O S O S

i . . s el

»* .
A similar effect has been noted in the alpha decay of U235 (F. Asaro,

private communication and MN, p. 12),
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The set of calculated levels giving the best agreement with the
experimental levels is shown in Fig. 22, A comparison of Figs, 20 and

22 shows the following éorrespondénce (in -energy) of levels,

. Experimental Energy Calculated Energy I of Calculated Level

86 kev 87 kev 5/2
103 101 . 7/2
108 o 115 -9/
1577 - 155 S 11/2
171 173 13/2
205 ' 205 3/2
228 ’ - 224 5/2
288 ‘ S 292 T/2

350 ' 35k ' - 13/2

Also, there i1s preliminary experimental evidence that the alpha group
which populates the 288-kev level is complexlm indicating that there may
be a level corresponding to the I = 9/2 level predicted to be at 275 kev.
Considering the approximations used in this c¢alculation and the large
interactions involved,'the energy agreément gshown here 1s quite good.
With the exception of the 86-kev level, the spins and parities
of the levels shown .in this comparisbn are not known experimentally, If
the assignment of the ground state rotational band is correct, the 86-kev
level must be'5/2+; this agrees with the spin of the corresponding calcu-
lated level, The spins of the calculated levels corresponding to the
experimental levels at 103, 205, and 228 kev agree with the assignments
of Stephens, et al. ahd Mottelson and Nilsson, The identification of

%Mottelson and Nilsson (MN, p. 55) have tentatively assigned this level
as the I = 11/2 member of the ground state rotational bahd However,
this as31gnment seems 1nconsistent with the relatively small’ alpha-decay
hindrance factor Whlch they have given for this level
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the 108-kev level with the I = 9/2, 115-kev calculated level is clearly
indicated by the absence of other levels in this energy region in both

the experimental and calculated spectra;>similarly, the possibly complex
level at 288 kev must be identified with the calculated I = 7/2 and 9/2
levels at 292 and 275 kev., The rather small alpha-decay hindrdnce

factors for these levels (Fig, 20 and MN, p. 54) support these identi-
fications, since the indicated spins predict that these levels willl be
populated by L = 2 (and higher) alpha waves, Since the energy agreement
which we have found for other levels is of the order of a few kev and
there are five levels in the experimental spectrum between 140 and 177
kev, the identification of the I = 11/2 and 13/2 calculated levels at 155
and 173 kev with the particular levels shown in the comparison is rather
uncertain, Because of the approximations used in obtaining the calculated
spectrum, we cannot rule out the possibility that the 350-kev experimental
level may be identified with either the I = 5/2 or 1/2 levels shown at

379 and 380 kev in Fig. 22. _

- The agreement between experimental and célculated spectra very
strongly suggests thax the levels shown in the preceding comparilson are
members of mixed rotational bands. Yet, since we have used six param-
eters and the identification of at least three of the nine levels of our
comparison are questionable, further evidence in suppbrt of this inter-
pretation is needed. Unfortunately, there are not sufficlent experimental
data on the fransitions between these levels to test this interpretation
by a comparison of experimental and theoretical electromagnetic transition
.probabilities. However, additional evidence may be obtainea from a more
detailed analysis of the alpha-decay transition probabilities to the
I< 9/2‘levels and from a comparison of the probable Corioclis interactions
in Pa233 and P523l.

The energy=-independent, or reduced, alpha-decay transition prob=-.

abilities to the different members of an unmixed rotational band are given

o5 -

. 2
P =P (Z,E)i Cp (IiLKin;»KilIiLIfo), (6)
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P is the reduced transition probability to the level I., K.; PO(Z,E) is

the reduced transition probability for unhindered alpha decay to this

level, c. is a constant characteristic of the particular decay and alpha

L
wave of angular momentum L, and the quantity in parentheses is a Clebsch=-
Gordan coefficient, Since we are concerned with mixed rotational levels,
we will have to use a modified form of this equation.

The wave functions of these mixed levels may be written in the

form
I_ 191/2 1)1/2 133/2 193/2 1;5/2 1,5/2 1)7/2 137/2
| Y, =&, ¥ +a; ¥ +oa, v +a, v
WI’K is the wave function of the pure level I in the rotational band K.

1K in'WﬁI and may be

The coefficients ahI’K measure the amount of V¥
evaluated from the off-diagonal matrix elements and the energy separation
of the pure rotational levels; these coefficients for the levels of
interest are given in Table VI, The index u numbers the mixed levels of
spin I, _
To reduce the number of parameters in this analysis we will

I,1/2 1,7/2 o

s ¥ and all alpha waves with

L > 2 to the alpha-decay probabilities, Using these approximations the

neglect the contributions of ¥

modified form of equation (6) is

- , 1,5/2 4 5/2
P —'PO (z,E) E: [a,7?7/% 0 77" (1; L K; K = K; } I, LI, K.)

L=0,2 (6e)
a

_I,3/2. 3/2 2

+a, ’ oL (Ii LK K

' K. 1/2
where bLK =z Nleg) /o

The alpha-decay hindrance factors given in Fig, 20 are defined

e < Ky | I L Ip X))

oy P (2,E)
H, F, = 2vnw—
P
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Table VI

Numerical Values of auI’K for Paz33

I;E (kev) of calc, level aﬁI’l/z aui’3/2 auI’5/2 gﬁl’7/2
5/25 87 0.09 0.3k 0.94 -
7/2; 101 0,07  0.k2 od9o‘ 0,10

1 9/2; 115 0.2k 0.52 0,81 0.13
11/2; 155 0,10 0,51 0.8+ 0,16
13/2; 173 0,39 0.58 0,70 0,15
3/23 205 0,13 0.99 -=-= e
5/2; 22k O, bk 0.83  =0.35 ——ee
9/2; 275 0.69 0,50 0,51  =0,11
7/23 292 0.21 0.88 =0, 43 -0,08
13/2; 354 0.7k 0.2  =0.59  -0.18

Assuming that the spins of the'experimental levels are those of

the corresponding calculated levels, we have evaluated (b05/2 2, b
3/2

and b2
They are

5/2
2 J

from the hindrance factors of the 86-, 103-, and 205-kev levels,

(0,732 = 2% = o.08

b25/2 = 0,89

3/2
b2

-0,67.

Mathematically, the choice of the relative sign of b 5/2 and b'3/2_is
? 2 2

arbitrary, .However, bzs/2 describes decay taking place between levels
based on the same Nilsson state and it would be expected that
l b25/2 l > | b23/2 |. The choice of opposite sign satisfias this

condition; the choice of like sign does not,
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We are now able to give an explanation of the anomalously small
hindrance factor of the 228-kev level., Normally, this hindrance factor
should be larger than that of the 103-kev level since the latter level
is populated by favored alpha decay. However, the mixing of levels by
the Coriolis interaction causes an interference between the L = 2 waves
for X = 3/2 and 5/2. This interference enhances the population of the
228-kev level and reduces the population of the 103=kev level. The
quantitative extent of this effect is given quite well by the bLK values
above; the calculated hindrance factor of the 228{kev level* is 3.3 com-
pared to the empirical hindrance factor of 3.5. Alsc, the predicted
hindrance factor of 21 for the 108-kev level is in fair agreement with
the empirical value of 30,

While the interference effect considered here explains the
anomalously small hindrance factor of the 228-kev level in an extremely
gratifying manner, there must be other important factors influencing the
alpha decay of Np237o The interference between alpha waves should also
enhance the population of the 288-kev level and the predicted hindrance
factor for this level is comparable to that of the 228~kev level; yet,
empirically, the hindrance factor of the former level is about four
times that of the latter (MN, p. 54). In addition, the value found for
c05/2 indicates that the L = O alpha wave is very highly hindered. Since
there is only one L = O wave, this hindrance cannot be due to an inter-
ference effect, ' '

e3l determined by Hollander,

231

Figure 23 .shows the spectrum of Pa

Stephens, Asaro, and Perlman)+6 from & study of the beta decay of Th

and the electron-capture decay of U?3l, e levels at 0, 7.6, 58.5, and

*The wave function corresponding to this level has a sizeable admixture
of w5/2 1/2 which we have neglected in this analy31sa If in addition
to 005/2,
of the 86~-, 103- 205~ and 228-kev levels, we find that b 1/2 1s small

2
and that the L = 2 waves for K = 3/2 and 5/2 are the dominant factors

5/2 and b 3/2 , we evaluate b,y 1/2 from the hindrance fgctors

in the alpha decay as the analysis above assumes,
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76.1 kev have been assigned as the I = 3/2, 1/2, 7/2, and 5/2 members of
a rotational band based on the 1/2- [530] Nilsson level; the 84, 1-kev
level has been assigned as the 5/2+ [642] Nilsson level; the 102,3~- and
166.2-kev levels are, respectively, probably the I = 7/2 member of the -
5/2+ [642] rotational band and the 3/2+ [651] Nilsson level (Stephens,
et al.hl and Hollander, et al., ). _
These assignments are the same as those made in Paz33 and imply

that there is also a strong Coriolis interaction in Pa23l6 Normally,
we could not obtain évidence for the presence of this interaction by
fitting a calculated spectrum to the experimental spectrum since there
are only five even parity levels known in Pa23l and we have required at
least six parameters to specify the elements of the secular equations.
In this case, however, the parameter values are not arbitrary but should
be very nearly the same as those of Pa233é Then, if we can fit calcu-
lated levels to the experimental levels of Pa231 using parameter values
similar to those used to obtain the spectrum of Fig. 22, this fit will
provide evidence for the presence of the Coriolis interaction in both
Pzza.z33 and Pazsl by demonstrating the internal consistency of the present
interpretation of their very similar spectra.

| In addition to the spin agsignments gilven above we have assumed,
in analogy to Paz33, that the spin of the 183-kev level is 5/2, This
limits the possible spins of the 330-kev level to 3/2 and 5/2, since
this level decays by M1l transitions* to the 166~ and 183-kev levels,
The most probable source of the level is the 1/2+ [660] rotational band,
Since the I = 5/2 member of this band should lie lower than the I = 3/2

member we have assigned a épin of 5/2,t0 the 330=kev level,

* : i

While the experimental data do not preclude the possibility that the
146-kev transition is M2 we have disregarded thisichoice because of the
assumed even parity of the 183~kev level,

*¥
This assignment is quite tenuous since there is experimental evidence

that the intensity of the B~ tfansition to this level is inconsistent
with its being a member of the 1/2+ [660] rotational band (J, M, Hollander,

private communication).
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A calculated spectrum was fitted, both in energy and assumed
spin, to the experimental specfrum of Pa’23lb As In the case of Pa233,
the decoupling constant of the K = 1/2 rotational band was taken to be
J + 1/2, and the off-diagonal elements followed the form of Eq. (5)
with h2/2 3 replaced by the variable k. The parameter values used for
this fit are compared in Teble VII to those used to obtain the spectrum
of Fig. 22. This comparison clearly demonstrates the internal consistency
for which we were looking and thus gives evidence of the Coriolis inter-

actions in both nuclei.

Table VII

Parameters for Calculation of Mixed Spectra

Parameter pg 233 (Fig, 22) pa’3t
nf/2 3 ' 5.5 kev 529 kev
El/z,l/z 380 } . 326.4
E
3/2,3/2 .210 171.8
E5/2’5/2 105 10h4,7
_E7/2,7/2 605 605
k N1 V8,7 for H3/2,5/2
A 11 for H5/237/2

In fitting a spectrum of mixed rotational levels to the experi-
mental levels,of.Pa233 the parameters were permitted to vary freely over
fairly wide ranges of values., For this reason the parameter values used
to calculate the spectrum of Fig, 22 are somewhat arbitrary and their
plausibility should be checked in the light of available externsal
evidence, This plausibility check will, of course, also be applicable

to the parameter values used to fit the levels of Pa231°



6l

At present, it is not possibie to make a very rigorous check on
the assumed energy separstions of the unmixed rotational bands; however,
the plausibility of these separations can be demonstrated. The energies
of the intrinsic states upon which the rotational bands are based may
be calculated from the Nilsson wave functions, but these generally are
not quantitatively correct., We may noté, though, that the relative
separations of the I = K members of the positive parity rotational bands
are similar to those predicted by the Nilsson wave functions for the
corresponding intrinsic sﬁates° (Since the 3/2+ [651] intrinsic state
is a "hole" state, i.e,, it is formed by the promotion of a paired
proton from the 3/2+ [651] level to the 1/2- [530] level, the relative
separation which should be compared to the separation of the 3/2+ [651]
and 5/2+ [642] intrinsic states is proportional to E3/2’3/2 +_E5/2,5/2,
not B32,3/2 ~ B 2,5/ |
. We may also compare these assumed energy separations to the
energy separations between these intrinsic states observed in other
heavy nuclei, This comparison is given in Table VIII, The intrinsic
state assignments used in making this comparison are those of Stephens,
et al,ul; with the exception of the 5/2+ [642] -- T/2+ [633] separation
in Am243’ the assignment of at least one of the two intrinsic states
involved in each separation is somewha.t'uncertairi° The observed sepa-
rations given here have been corrected, where appropriate, for the
appearance of the intrinsic states as "hole" states. The assumed posi-
tion of the 1/2+ [660] level cannot be checked in this manner, since
this level has not been identified in any of the heavy nuclei; this
level bhas a very profound influence on the mixed rotational levels,
Although the value bf this comparison is limited by the uncertainties in
the intrinsic state assigmnments and the inability to check the assumed
position of the 1/2+ [660] level, the comparison clearly shows that the
magnitudégaﬁ‘the assumed separations are comparable to those of the ob-
served separations. The combination of these considerationé of the
relative and absolute magnitudes of the assumed energy separations indi-

cates that these separations are quite plausible,
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Table VIII

Energy Separations Between Intrinsic States

Intrinsic States Eassume a (kev) 'Eobse‘rve a '(kev)
1/2- [5301_ - 3/2+ [651) 210 in Pa?33 330 in Ac227
1/2- [530] -- 5/2+ [642] 105 267 Np237

353 An?3
o a2
181 anlt3
1/2- [530] -- 7/2+ [633] 605 | 730 a3
5/2+ [6b2) -- 7/2+ [633] 500 : 59 AnCh
393 . Bx2"

Rotational bands based on the 5/2+ [642] intrinsic state have
NP237 239

‘been idéntified in and Np Their moments of inertia will give
us & check on the moment of lnertia which we have used for this rota-

tional band in Pa233° The value of h2/2 %.= 5.5 kev which we have used
for P3233
moments of Np237 (h2/2 ¥ = 4.7 kev) and Np239 (ﬁz/z % = 4,4 kev), A

difference of this sort is to be expected for two reasons. First, the

233 237

corresponds to a moment of inertia 15 and 20% smaller than the

deformation of Pa

239,

- and Np ; there will be a decrease in the moment of inertia associated

should be smaller than the deformations of Np

with this decrease in deformation. Secondly, the moments which we are
comparing are not completely equivalent., The moments given for the
neptunium isotopes are experimental and include the total effect of the

233

Coriolis force on the odd proton., The moment used for the Pa rota-
tional band is effectively the moment this band would have in the
absence of those Coriolis interactions considered in these calculations,

Consequently, the moment of inertia which we have used for Pa233 should
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*
appear to be smaller than the moments of the neptunium isotopes. We

may conclude then that the moment of inertia used for the 5/2+ [642]
233

is quite reasonable., The smaller moment of

231

rotational band in Pa
inertia used for this band in Pa may indicate a smaller deformation
for this nucleus or it may represent only an artificial change arising
from the approximations used in our calculations, v

In order to keep the number of parameters at a minimum we have
assumed that the moments of inertia of all the intefacting bands are
identical, While there is no reason to expect this assumption to be _
exactly true, it should still provide a reasonsble first approximation,
since the odd proton has the same angular momentum in each of the
intrinsic states upon which these rotational bands are based.

Equation (5) for the matrix elements of the Coriolis operator

assumes that j is a good quantum number or that
g = ; - 1/2
{gpp 13, 1%, >=130G+1) -a (a+1) 17°,

Since the matrix elements <’Xn XQ\7 can be evaluated from the

R
Nilsson wave functions we should be able to check the validity of Eq.
(5) for pa’33 (and Paz3l)° Mottelson and Nilsson (MN, p, 84) have.
assumed a ‘deformation corresponding to B = 4,8 for the ground state

. . : 233 .
configuration of Pa . The values °f<x9+]_ I Jy l XQ> obtained from

the Nilsson wave functions for 1 = 4 and 6 are given in Table IX along

*The difference between the moment of inertia used for Pa233 and the
moments of the neptunium isotopes due to this effect should be about
equal to the contribution made to the moment of inertia by the Coriolis
interaction between the 5/2+ [642] and 7/2+ [633] rotational bands.

*% ,
This argument is oversimplified., The situation with regard to theke

moments is quite complex and will not be considered in detail here,
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1/2.

with the corresponding values of [J (J + 1) -0 (o + 1)] A com-

parison of these values 1ndicates that the matrix elements glven by Eq.

233

(5) should be approx1mately correct for Pa Nevertheless, it was
found that the matrix elements given by Eq. (5) were too large and,
consequently, the variable k was introduced in place of f /2 S. The
value of k (i.e., N 11 kev) used to obtain the spectrum of Fig. 22
corresponds to a 40% reduction of the matrix elements of Eq. (5). A
spectrum very nearly identical to that of Fig. 22 is obtained if

k = J—lz kev i1s used in conjunction with the values of(( Q+l j+ [ XQ:>
for n = 4, This discrepancy is not sufficient to cast doubt upon the
plausibility of our matrix elements since single-particle wave functions
often give very poor values for matrix elements. For example, Grayeon
and Nordheim { compared a large number of single-particle theoretical
beta-decay matrix elements to experimental beta-decay matrix elements
and found the theoretical values to be consistently much greater (of the

order of a factor of 10) than the eXperimental velues,

Table IX

Theoretical Matrix Elements

< *o41 J+‘v | XQ>

Coupled States =4 n=6  [3(3+1) -a(a+1)1Y/?
1/2+ [660]; 3/2+ [651] 6.65 6.21 | 6.93
3/2+ [651]; 5/2+ [642] 6.45 - 621 6.71
'5/2+‘[642]; T/2+ I6331 6.16 6.01 | - 6.33

To minimize the number of parameters needed to calculate a spectrum

233

comparable to that of Pa we required k to be the same for all of the

3/2,5)2 might be

relatively smaller than the other matrix elements. In fitting the levels

matrix elements, It was noted previously, however, that H

of Pa23l we permitted k to assume different values for each set of matrix

elements, These values of k (see Table VII) indicate some weakening of the
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| interaction between the K = 3/2 and 5/2 rotational bands; the extent of
this weakening is not large, though, and the requirement of constant k
may be regarded as a reasonable approximation.

_ We assume that the decoupling constant of the 1/2+ [660] rota-
tional band was j + 1/2 = 7. For 7 = 4 and 6 the values of this constant
given by the Nilsson wave functions -are 6.68 and 6.15. This comparison
would seem to indicate that our approximation is reasonsbly accurate, but,
since the Nilsson(Wave functions gave values of <<Xn+l'] Jy |<XQ which
were too large, the value of this comparison i1s somewhat questionable,
However, it is the only available check of the accuracy of this approxi-
mation, ;

The evidence presented in this section, i.e,, the agreement of
the levels of Fig. 22 with the experimental levels of Pa233, the analysis
of the alpha decay of Np237, the Internal consistence of this interpre-
tation in Pa233 and Pa23l
used in obtaining calculated épectra, makes 1t seem rather certain that

; and the plausibility of the parameter values

many of the levels of Pa233 and Pa23l are members of rotational bands
mixed by a strong Coriolis interaction., Yet, an experimental determina-
tion of the spins of these levels and extensive data on the electro-
magnetic transitions between them would still be very useful both to
confirm the presence of this interaction and to permit a more flexible

analysis of its effects,
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