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Spin Isomers of the Shape Isomer Put
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(Received 23 December 1970}

Two components in the spontaneous-fission decay of ~~Pu have been investigated. The
half-lives of the two isomers are 82 + 8 nsec and 1120 + 80 nsec. The production ratio of the
two components was determined for three different bombarding conditions: 235U+24-MeV 0.
particles, 235U+ 27-MeV & particles, and 23'Np+12. 1-MeV deuterons. The dependence of the
production ratio on angular momentum deposition for the various reactions shows that the
two shape isomers differ in spin, with the short-lived component corresponding to the lower-
spin state. The experimental isomer ratios are compared with statistical-model calcula-
tions. Assuming the validity of the statistical description of isomer population, and the ab-
sence of a significant y-decay branch for the high-spin isomer, the deformation associated
with shape isomerism can be deduced from isomer-spin information extracted from the pre-
sent experiment and reference to the Nilsson diagram at large deformation. The deforma-
tion indicated is approximately e = 0.6, in good agreement with theoretical estimates.

I. INTRODUCTION

Spontaneous-fission isomerism is believed to be
a consequence of a double-humped fission barri-
er,"with the short-lived isomeric states at a de-
formation approximately twice the equilibrium
ground-state deformation. The lifetime of the low-
est state in the second well is determined by the
penetrability of the outer barrier to fission, or
possibly by penetrability of the inner barrier to y
decay to the normal ground state. Only the first
type of decay has been experimentally observed
although measured spontaneous-fission lifetimes
may in some cases reflect the lifetime for y decay
back to the ground state.

A nucleus with a deformation corresponding to
that of a shape isomer is expected to exhibit an
energy-level spectxum similar to that of nuclei
with normal deformations. For even-even nuclei,
the lowest states will be rotational in character
and will have energies of only 10'8 of keV. If a
nucleon pair is broken, two quasiparticle states
with excitation energies of the order of 1 MeV
above the lowest shape-isomeric state are expect-
ed. It has been suggested' ' that the spontaneous-
fission isomers 2~6Pu and 238Pu, characterized by
abnormally long lifetimes, high-excitation ener-
gies Rnd low yields Rre two-quasipartlcle stRtes
whose lifetimes with respect to y decay (without
shape change) to the lowest state of the shape-iso-
meric well are comparable to the fission lifetimes.
For these nuclei, the half-life of the lowest state
of the second minimum is expected to be too short:
to have been observed by presently available tech-

niquess.

Fairly close-lying single-particle states, each
with its own rotational band, are expected for odd-
A shape-isomeric nuclei. A fairly small energy

difference or a sizable spin difference between two
single-particle states may result in spin isomer-
ism for high deformations just as for ground-state
deformations. The spontaneous-fission lifetimes
may be rather different even for two single-parti-
cle states fairly close in energy because of the
possibility of very different specialization ener-
gies for the two stRtes, The implications of
specialization energy for shape isomers has been
recently discussed by VYolf. e

The present work is an outgrowth of earlier ex-
periments which indicated the possibility of more
than one isomer in the odd-A nucleus '3'Pu. The
aim of this work was to confirm the existence of
multiple isomerism in "'Pu and to characterize
the isomers as fully as possible. It is of particu-
lar interest to correlate the different half-lives
with differing spin stakes and to identify which
component has the higher spin, A more definitive
characterization of the spins mould present the in-
teresting possibility of identifying specific ¹ilsson
single-particle states at the deformation corre-
sponding to the second minimum of the potenti. al-
energy curve. Such an identification would pro-
vide a crucial test of theoretical calculations of
the double-humped barrier.

The 3~ Pu fission isomers were produced by
bombardment of 2'6U with e particles from the Uni-
versity of Washington 60-in. cyclotron, and by
bombardment of '3'U and 237Np with chopped beams
of o. particles and deuterons, respectively, from
the University of Washington two-stage tandem
Van de Graaff accelerator.

The targets, 200 to 500 iJg jcm' thick, were pre-
pared by molecular plating the fissionable materi-
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half-life for the fission isomer '" Pu suggesting
that the short lifetime observed in the present ex-
periment could be the result of the (o., 2n) reaction
to form '" Pu instead of ' ' Pu. Estimates of the
expected contr jbutjon of ~Pu from spallation
data" and isomer ratios are qualitatively consis-
tent with the relative amounts of short- and longer-
lived activity in Fig. 1. The very large uncertain-
ty is due to the very poor statistics of the decay
curve.

If the 7-nsec component of the cy data is ' Pu,
then bombardment of 's7Np with deuterons giving
an excitation energy comparable to that in the e
experiment should produce no 7-nsec component.
The reactions "'Np(d, 2n) and '"Np(d, n) will both
occur, but the latter proceeds largely by a direct
mechanism and should contribute little to the pro-
duction of fission isomers. ' ' "

Figure 2 shows the time decay resulting from
the experiment performed with a chopped and
bunched beam of 12.1-MeV deuterons from the
Van de Graaff incident on a "'Np target. The
beam bursts were 3 nsec wide (full width at half
maximum) at 335-nsec intervals. The short-lived
component does not appear here and is attributed,

there fore, to '"IPu.

B. Identification of the Pu Isomer
(Excitation Function)

The Van de Graaff e beam was chopped and
bunched to a 40-nsec-wide beam burst at 400-nsec
intervals to identify the component with a half-life
near 100 nsec. An excitation function was taken
under these conditions with incident e-particle
laboratory energies of 24 to 27 MeV. This is
shown in Fig. 3 which is a plot of the ratio of the
number of delayed fissions to the total integrated
beam. The peak between 25 and 26 MeV is indica-
tive of the (o.', 2n) reaction.

Figure 4 shows the corresponding decay curve
for delayed fission (solid points) and includes data
taken over the entire energy range. A linear least-
squares fit to these data give a half-life of 108+ 9
nsec, in agreement with other measurements. "

C. Investigation and Characterization
of Long and Short Components

The reported" appearance of a longer-lived com-
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ponent in "' Pu led to further investigations which
used the chopped Van de Graaff beam with inter-
vals between beam bursts (3.0- to 3.6-psec inter-
vals between 250- and 350-nsec-wide bursts) suf-
ficiently long to simultaneously observe the 100-
nsec component and the longer-lived decay. To
determine the effect of angular momentum on the
relative isomer yields, different initial compound-
nuclear-spin distributions were obtained by vary-
ing the energy and mass of the projectile. Exper-
iments were performed with 24- and 27-MeV a
particles incident on "'U and 12.1-MeV deuterons
on "'Np. The two-component decay curve for the
12.1-MeV deuteron case is shown in Fig. 5, This
was obtained by projecting the 64-by-128-channel
two-dimensional time spectrum onto the 64-chan-
nel side. A similar projection onto the 128-chan-
nel side gave a second determination based on the
independent timing information of the complemen-
tary fragment in the second detector. The data

10

for each of the three bombardments was treated
in this manner.

The half-lives determined by resolving the long-
and short-lived components and separately fitting
each component to a straight line are summarized
together with the statistical errors in Table I.
Agreement within error is observed in the results
for the long-lived component whose mean lifetime,
from a weighted average of the values in Table I,
is 1120+80 nsec.

The positions in time of the points used to de-
termine the half-life of the short-lived component
were corrected for channel width. The errors in
these points are fractionally large due to the sub-
traction of the long-lived component. The weight-
ed mean half-life of the short-lived component is
88+33 nsec.

The relative cross sections for production of the
long- and short-lived components were determined
with the expression:

v,. ~N,./(l —e ~~~')

where 0,. is the cross section of the ith component,
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TABLE I. Experimental half-lives of ~ Pu.

Incident
particle

t&& short
(nsec)

t~& long
(nsec)

12.1-MeV deuterons

24-MeV e particles

27-MeV m particles

Weighted mean

104 + 33 (64-channel side)
120 + 35 (128-channel side)

128 + 9 (64-channel side)
126 + 13 (128-channel side)

100 + 7 (64-channel side)
57.6 + 2 (128-channel side)

88 +35

1150+ 140 (64-channel side)
1190+ 380 (128-channel side)

940 + 190 (64-channel side)
1100+ 290 (128-channel side)

1175+ 110 (64-channel side)
1090+ 290 (128-channel side)

1120+80

¹ is the number of decays per unit time for the
ith component at the edge of the beam burst, ~,. is
the decay constant for the ith component, and 4t is
the width of the beam burst. The edge of the beam
burst is taken to be the half maximum, and ¹ is
the vertical intercept, corrected for the contribu-
tion from the previous beam burst, in the time
spectrum at this position.

The mean half-lives given in Table I for the long
and short components were used to determine N~
and N~ from which 0, and 0~ were evaluated. The
mean result of oz/&x~ for the two n experiments
was used to reevaluate the half-life of the short-
lived component from the data (solid points) of
Fig. 4 by subtracting off the long-lived component
to give the open circles in Fig. 4. The new decay
curve appears as the dashed line of Fig. 4, a least-
squares fit to the open circles and results in a
half-life of 82+8 nsec. A compromise half-life
of 85 nsec was used to reevaluate o~ and o~ for
the three cases The ra. tios, o~/o~, are summa-
rized in Table II. The errors are due to the sta-
tistical error in }V~ (evaluated from a least-
squares fit of the short-lived data to an 85-nsec
decay), the intercept at the beam burst edge for
the short-lived component. The ratios of delayed
fission to prompt fission and of delayed fission to
spallation are given in Table III.

IV. DISCUSSION

As the angular momentum brought in by the inci-
dent particle increases, the population of final

states shifts to higher spins. The experimental
values of o,„„,/o„„g in Table II decrease with in-
creasing angular momentum showing that the short-
lived (85-nsec) component of '" Pu is the lower
angular momentum state. The excitation energy
in the compound nucleus '"Pu is exactly the same
for 12.1-MeV deuterons on '"Np as for 27-MeV o.
particles on "'U. Thus, the observed effect can-
not be attributed to an energetic effect which might
arise if the two isomers had sufficiently different
excitation energy, and must be attributed to angu-
lar momentum. Although there is evidence from
this experiment that the two isomers differ in spin,
it is not possible to conclude that the two isomers
have the same shape. The isomers could corre-
spond to two different shapes separated by a bar-
rier in deformation space. The following discus-
sion will proceed on the assumption that the two
isomers have essentially the same deformation.
The difference in half-life of more than an order
of magnitude has several possible explanations.
The high-spin isomer may have a longer half-life
because it lies lower in energy than the low-spin
isomer. The required energy difference is only a
few tenths of an MeV. The half-life differences
may also be a consequence of another mode of de-
cay such as y decay from one of the isomeric
states to the ground state. This does not seem
probable because of the high absolute yields of
both isomers. A likely explanation is that the spe-
cialization energies are different for the two spin
states resulting in different barrier heights. It is
not surprising that the long-lived isomer has the

TABLE II. Production ratios of the Y~Pu isomers for reactions with different mean square initial compound-nuclear
spin Jc .~ 2

Incident
particle

Jc2
Compound
nucleus

0'g/O'L,

(64-channel side)
(%)

0'g/0'I,
(128-channel side)

(%)
gq/0~

(weighted mean)

12.1-MeV deuterons
24-MeV ~ particles
27-MeV o,' particles

15
27
53

1.8 +39
1.27+ 26
0.71+26

1.6 +29
0.99+43
0.77 +45

1.7 + 0.6
1.13+ 0.39
0.74 + 0.26
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TABLE III. Isomer ratios for ™I'u.

Target projectile

+long

prpmpt

(10 6)

0 short

prpmpt

O0 ')

a de],ayed

prpmpt

(]0 6)

+de layed
+spa ll a t i on

(10-')

235U

235U

237Np

24-MeV e particles
27-MeV e particles
12.1-MeV deuterons

5.61
2.65
2.59

6.8+ 8.2
1.9+ 0.9
4.5+ 1.9

11,9 + 3.2
4.5+ 0.9
7.1+ 1.9

300+ 60
180~40

higher spin, especially if the spin is I= ~2, a
possibility suggested below.

The ratio of the total yield of delayed fission to
that of prompt fission, od, »&,z/o~„~~, for the 27-
MeV o case is about 301o less than the same ratio
for the 12.1-MeV deuteron case, although the num-

bers agree within their experimental uncertainties.
At an excitation energy of the order of the barrier
energy, the ratio of the level density for high-spin
states at the ground-state deformation to the level
density for high-spin states at the isomer deforma-
tion is larger than the average level-density ratio
at this excitation energy. This should decrease
the delayed-to-prompt yield ratio resulting from
the o. bombardment compared to the deuteron bom-
bardment with identical excitation energy due to
the higher incident angular momentum of the n

particles. A calculation indicates an expected dif-
ference of about 7% due to this effect.

The reactions used to determine the ratios given
in Table II both lead to the same final nucleus
from the same initial compound nucleus. The spin
distribution of the initial compound nucleus, P(Jc),
depends upon the target and projectile spins and
on the momentum of the incoming projectile. The
final-spin distribution, P(Jz), of the residual nu-

cleus after neutron evaporation and deexcitation
by y emission depends upon the initial compound-
nuclear spin distribution and on the angular mo-
mentum carried away by neutrons and y rays prior
to the final transition populating either of the iso-
meric states. Calculation of the final-spin distri-
bution has been carried out with a formalism" "
and computer program" described elsewhere. The
compound-nuclear spin distribution is obtained by
appropriate weighting of the transmission coeffi-
cients of the incoming projectile according to the
coupling of target and projectile spins. The «pin
distribution after each particle emission is ob-
tained by weighting a sum over transmission co-
efficients with an expression for the density of
final states. A similar weighting is done for the
dipole y ray assumed to be emitted prior to the
final nonstatistical transition(s) leading to final
population of the isomer. Transmission coeffi-
cients for n particles and deuterons were obtained
from optical-model calculations" ignoring spin-
orbit coupling between the deuteron and the target

nucleus. Calculations were performed with two
different values of the spin cutoff parameter, a,
which enters in the density of states expression.
P(J~) was calculated for each case with v=3 and

5. This covers the typical range of spin-cutoff
parameters required in fitting isomers of known
spin" "

The calculated distribution of final states was
used to determine the theoretical production ra-
tio of any two final spin states which are genetical-
ly unrelated by integrating the appropriate portion
of the spin distribution based on the assumption
that a given spin state will feed the isomer whose
spin is closest to it. This assumption is open to
question because of the likelihood of nonstatistical
effects in the y cascade feeding the isomer states,
particularly in the rotational bands. To a certain
extent, this is probably accounted for by the use
of empirical spin-distribution parameters. The
theoretical isomer ratio, the ratio of the yield of
the low-spin-to-high-spin state is plotted, along
with the experimental values of o,„„,/v„„g, for
each combination of final-state spins from & to

vs the mean square value of the initial com-
pound-nuclear spin distribution. The graphs for
o = 3 and 5 appear in Figs. 6(a) and 6(b), respec-
tively.

Figure 7 is a plot of the calculated and experi-
mental values of the ratio of each of the three iso-
mer ratios to the isomer ratio for the 27-MeV o.

bombardment plotted against the mean square val-
ue of the initial compound-nuclear spin distribu-
tion. The calculated values selected were for the
spin pairs 32-, 322, and ~2, 2, since these Iie at the
experimental limits according to the graph in Fig.
6(a). The experimental results behave much like
the calculations in spite of the large error bars.
In fact, such plots for all other spin pairs are
very similar to the curves shown, and all lie with-
in the limits of experimental error. This appar-
ent insensitivity of the ratio of isomer ratios to
tb: isomer spins assumed is simply a consequence
of the similarity in the slopes of the curves in Fig.
6. The insensitivity of the calculated ratios of iso-
mer ratios to the statistical parameters and the
good agreement with the experimental vaIues sup-
ports the assumption that the variation in isomer
ratios in the three bombardments is directly re-
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lated to the different compound-nuclear angular
momentum distributions.

A slight complication in the deduction of isomer
spins from the calculations illustrated in Fig. 6

arises with consideration of the possibility of y
decay between the two states, The effect of this
kind of y branch depends on the relative energies
of the two spin states. If the lower-spin state is
the higher-energy state and decays partially by y
decay, the yield of the low-spin state is underesti-
mated and the independent yield of the high-spin
state is overestimated. Reference to Fig. 6 indi-
cates that an increase in o„„/o„;&„corresponding
to a sizable y branch is consistent only with the
high-spin pairs ~2, ~2 and +, ~2. The existence of
these spin pairs is unlikely for reasons discussed
below and, therefore, the existence of this type of
y decay is improbable if the low-spin state is the
higher-energy state. If the low-spin, short-lived
state is the lower-energy state, the apparent ex-
perimental o„„/o„;&t,ratio again turns out to be
an underestimate. This arises because the appar-
ent yield of the long-lived isomer is virtually in-
dependent of whether it is observed via its fission

branch or via fission of the short-lived state,
which is fed by the y decay of the long-lived iso-
mer and which comes into transient equilibrium
with it. The independent yield of the short-lived
isomer, however, is somewhat underestimated as
the decay curve was resolved assuming no growth
of the long-lived component.

Another mode of y decay, that corresponding to
penetration through'the inner barrier and decay to
the ground state, is in principle possible although
such a decay mode has not been observed for any
spontaneous fission isomer as yet. On the basis
of the systematics of the dependence of the rela-
tive heights of the two barriers with mass number,
this mode of decay is not expected to be large for
plutonium isotopes but may be present in uranium
and neptunium isotopes. If, however, the high-spin
isomer decayed significantly by this mode (while
the low-spin did not), the true isomer ratio o„„/
oh;&h would be lower than our experiment indicates
and any spin pairs could be accommodated accord-
ing to the calculations.

If then the statistical description of the popula-
tion of the isomers is valid, and if preferential y
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gion of 23™Pu.A brief survey of the Nilsson lev-
els near the Fermi surface for 143 neutrons (A
= 242)" at deformations between s =0.60 and 0.70
(», =0.04) shows that for excited neutron particle
or hole states, the possible spin pairs within 1
MeV of the Fermi surface do not include the pairs
2, ~2; + ~» ~2, ~2 and ~s ~2. It is reasonable to
exclude the existence of a three-quasiparticle neu-
tron state or a two-quasiparticle proton state,
since the final states involved are likely to be very
high-spin states for which the cross sections for
the 12.1-MeV deuteron bombardment would be
much lower than this experiment indicates. The
most probable spin pairs corresponding to the
short- and long-lived components are therefore
+, ~2 and possibly &» ~2. The former two spin
states cross at a deformation of e = 0.62 and the
latter two at e = 0.64 in the diagram" with ~4 =0.04.
In a slightly different diagram'2 corresponding to
a continuous variation of e~ with ~ the respective
crossing points are E =0.61 and e =0.5S. The steep-
ness of the energy of the ~a [505] single-particle
state with deformation results in a quite narrow
region of deformation for which this state lies
close to the Fermi surface. Assuming that its
position is well determined in the level scheme
(it has been observed at ground-state deformations
in the rare earth region" ") and that the Nilsson
diagram is valid at these deformations, the pres-
ent results indicate the deformation of the second
minimum to be approximately 0.6. This is in good
agreement with the calculations of Nilsson et al."
This ~2 single-particle state has been proposed"
as the origin of a possible long-lived isomer in

'Pu, although the existence of this isomer has
not been confirmed.

decay of the high-spin isomer through the inner
barrier is assumed absent, the present analysis
(Fig. 6) would limit the allowed spin pairs to + +;

and ~ ~; and possibly ~ ~ and ~
These can be further limited by the available ¹Is-
son single-particle levels in the deformation re-
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The level scheme ~f Gd has been studied using high-resolution Ge(Li), Si(Li), and stan-
dard scintillation counters. The analysis of the experimental data for this nucleus is imped-
ed by.an ambiguity in the spin values of the majority of its excitated states. In the present
work y-y angular correlations in the decay of Tb ~~-Gd ~5 were measured using a Ge(Li) de-
tector in coincidence with NaI(T1) scintillation counter. The spins of some of the levels up to
the 648.1-keV level have been confirmed from various cascades. The analysis of the various
coincidence experiments leads to the proposal of levels in Gd~ss at 60.0, 85.5, 105.3, 118.0,
146.0, 235, 266.6, 268.6, 286.8, 326.0, 367.7, 427.4, 451.3, 488.8, 559.9, 592.6, 615.5, and
648.1 keV. A consistent level scheme of Gd 5 is proposed and the spin and parity assign-
ments of the levels are discussed. The multipolarity of the different y rays including the per-
centage of mixing is reported.

I. INTRODUCTION

The Gd'" nucleus has recently been the object
of intensive experimental investigation. The nu-
clear energy levels have been studied by stripping
andpick-up reactions, "by radioactive decay
work, ' ' by Coulomb excitation, ~ and by Mossbauer
spectroscopy. " The neighboring odd-N nucleus
Gd'" is "well behaved" in the sense that almost

all the levels and their properties can be described
by one corresponding Nilsson state. Although,
there is considerable evidence that Gd'", at least
in its ground state, is strongly deformed (S =0.3), '0

a satisfactory description of the lowest-lying posi-
tive-parity states in this nucleus has not previous-
ly been given, in spite of the large amount and
wide variety of experimental data that exist con-
cerning them. The main problem is due to the


