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Non-yrast states in "'Pd and their rotational interpretation
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Several non-yrast states of both parities in "'Pd have been observed using three-detector y-y coincidence
measurements following the reaction "Zr("C,3n)"'Pd. Energy levels, y-ray mixing ratios, and branching ratios are
deduced from the data and compared with the results of a rotational model calculation. Five of the newly discovered
states are identified as non-yrast members of rotational bands based on the 5/2+ and 11/2 states.

NUCLEAR STRUCTURE Zr(' C, 3n) 'Pd at 48 MeV; measured I~(0), 3-de-
tector p-& coin, p-p DCOQ. Pd deduced levels, J, 7r, & mixing ratios. Rota-
tional model calculations, Coriolis, recoil, calculated levels, mixing ratios,

branching ratios, half-lives.

. We have previously reported the observation of
collective excitations in '"Pd populated using
(HI, xn) reactions. ' These studies provided in-
formation on three collective AI = 2 bands built on
the lowest —,", —", , and '-,' states, respectively.
It has been demonstrated' that the energy levels
in these bands are reproduced by a rotational mod-
el using a small deformation and a variable mo-
ment of inertia. The calculation shows that the
observed states in the bands have a predominantly
rotation-aligned configuration, i.e., the particle
angular momentum j = 2, -', , or '-,' is aligned with
R=O, 2, 4, . . .units of core rotation. Less
aligned members of the particle-core multiplets,
which would provide a more stringent test of the
model, were not observed in the previous work.
Since then, the three-detector coincidence tech-
nique' has been developed, and it has become pos-
sible to study many states which are weakly popu-
lated in (HI, xn) reactions.

The present paper reports several weakly popu-
lated states observed in" Pd using the reaction
"Zr("C, 3ny), and their configurations as inferred
from the rotational calculation. We have also
performed calculations of the transition proper-
ties for states in this nucleus. In this way, we
have been able to identify five non-yrast rotational
states of both parities which are one step away
from rotation alignment. We also find that several
other non-yrast states observed in '"Pd do not
have a one-quasiparticle-plus-rotor character.

The details of the experimental procedures and
data analysis, ' ' and of the Coriolis calculation of
energies, wave functions, ' and transition proper-
ties' have already been described. The "C beam
at 48 MeV was obtained from the Purdue Tandem
Van de Graaff. y-ray angular distributions and
three-detector y-y coincidence measurements
were performed. Directional correlation of radia-
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FIG. 1. Decay scheme of ' 'Pd deduced from three-
detector data following the reaction Zr( C, 3n)' 'Pd.
Solid arrows indicate E2 transitions. The states re-
ported for the first time are marked with asterisks.

tion from oriented nuclei with respect to quadru-
pole transitions (DCOQ) analysis' was used to de-
termine the multipolarities and mixing ratios
of y rays which are not resolved cleanly in the
singles spectra.

Figure 1 shows the up-to-date decay scheme of
"'Pd seen in (HI, xn) reactions. The solid arrows
indicate stretched E2 transitions, and the widths
of arrows are proportional to the respective y-ray
transition intensities. The three main bands based
on 2', —", , and '-,' states and some of the inter-
band transitions between them have already been
reported. ' Ten states, marked by asterisks on
the level scheme, are reported here for the first
time. The spin parities of most of these states
were determined unambiguously from the angular
distribution and DCOQ analyses. Additional sys-
tematic arguments had to be used for the states
whose spins are shown in parentheses. The decay
scheme also contains new transitions between
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Pd: ENERGY LEVELS
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previously observed states. Thus branching ra-
tios are now available to provide a sensitive test
of the nuclear structure.

The experimental results are compared with a
particle-plus-rotor model which uses a slighQy
deformed, axially symmetric rotor with a var-
iable moment of inertia. The Hamiltonian is diag-
onalized in a basis consisting of strong-coupled
¹ilsson states. The only parts of the Hamiltonian
which give off-diagonal matrix elements in this
basis are the Coriolis and recoil terms, connect-
ing hE= ~1 and 6K=0 states, respectively. The
calculation of energies and wave functions is the
same as that of Smith and Rickey, ' except that an
improved treatment of the recoil term suggested
by Hekstad et a/. ' is included. This treatment ex-
plicitly includes the two-body parts of the recoil
operator (j '-0') and thereby takes into account
the blocking effect. Both the Coriolis and recoil
matrix elements had to be attenuated to 75%%uo to
reproduce the experimental results. Thus, a re-
cent suggestion' that the inclusion of the recoil
term would make a Coriolis attenuation unnec-
essary does not seem to be true here.

The parameters used are the same as in Ref. 2.
The deformation of the core is 6=0.12. The neu-
tron Fermi surface has been placed just below the
~"[420] Nilsson state of g, g, parentage„corre-

Q 5&&' 5/2'
Obs. Calc. Obs. Calc. Obs. Calc.

FIG. 2. Comparison of experimental and calculated
energy levels in 'Pd. The non-yrast states adequately
described by the rotational calculation are marked with
asterisks.

sponding to the number of neutrons (55), and the
pairing gap used is 1.1-MeV. The basis for the
positive-parity calculation includes 311 the Ni1sson
states of s$ / 2 g7 / 2 and d, ~, parentage, whereas
the negative-parity calculation has used all six
Nilsson states arising from the unique-parity
h» ~, orbital.

Figure 2 shows a comparison of the observed
and calculated energy levels of various states in
'"Pd. The calculated energies of the —", and ~
bandheads have been adjusted by approximately
150 and 300 keV, respectively, to coincide with
the experimental values. Such a shift is not im-
portant since our purpose here is not to repro-
duce exactly the bandhead energies, but to inves-
tigate the rotation-particle coupling within each
band. The agreement between observed and cal-
culated results is seen to be excell.ent. The cal-
culation correctly predicts not only the energy
levels in the three main bands but also energies
of the non-yrast states marked with asterisks in
Fig. 2. The wave functions of the non-yrast —',+,
~', and ~' states show that they have predom-
inant d, ~, parentage. Thus they are included in
Fig. 2 as members of the &' band. Similarly the

states have been associated with the
band. The R components indicate that whereas

the yrast states in the three bands could be con-
sidered as predominantly rotation aligned, the non-
yrast states of both parities mentioned above are
one step away from rotation alignment, i.e., the
predominant 8 components satisfy the relation

I =A+j -].,
where I, A, and j are the quantum numbers corre-
sponding to the angular momenta of the nucleus,
the core rotation, and the quasiparticle, respect-
ively. .

The systematic difference between the three
bands observed in '"Pd can be understood by con-
sidering the position of the Fermi surface for the
nucleus. When the Fermi surface is near or be-
low ¹1ssonstates with A «(j), the nuclear states
with maximum alignment have less energy than
the corresponding states which are one step away
from alignment. The energy order is reversed
when the Fermi surface is near ¹ilsson states
with 0-(j); the aligned states have more energy
than the less aligned states.

The Fermi surface for "'Pd lies well below the
0= —,

' state of h„&, parentage. Therefore the less-
aligned ~ and ~ states in the ~ band have
higher energies than the corresponding aligned '-,'
and —", states. A similar pattern would be expected
in the —", band. The less-aligned states were not
observed in the experiment; hence these states
are probably above the yrast line, in agreement
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TABLE I. Transition properties in Pd calculated using
and compared with experimental results.

Coriolis- mixed wave functions

(keV)
Mixing ratio '
obs calc

Branching ratios
obs calc

Predicted
half- life

(psec)
g+
2 261

406

667

272

678

138

414

878

-0.01 ~ ~ ~ 0.03

0~($~(0 ]

0.05~ & ~ 0.13

-0.08~~~ ~ 0

0.03

-0.01

0.01

0.01

-0.02

-0.03

0.07

0.93

0.06

0.94

Q.Q4

0.94

0.02

0.00

1.00

0.99I
0.14

0.76

0.10

0.01

5.1

5.1

2.6

1.3

391 -0.06 & c 0 0.03 0.07 0.05

804

515

905

327

588

-0.03 & - 0.1

-1.4 c~--0.8

-0.01

0.02

0.03

-'1.0

0.93

0.00

0.00

1.00

0.75

0.86

0.09

0.01

1.7

6.8

y+) b

Q+)

p~+

I" )

~Y)~

Iv'

327

598

677

660

170

827

970

399

670

353

0.01

-0.4 ~ & ~ -0.25 -0.44

0.01

—0.33

-0.01

-0.31

-0.12

-0.05

0.07

0.36

0.57

0.00

0.12

0.88

1.00

0.00

0.00

0.00

0.06

0.94

0.00

0.08

0.48

0.44

0.02

0.33

0.65

0 .05~

0.X0!

0.17

0.59~!

0.04

2.6

1.3

0.5

908

556

490

0.20 1.00

0.94

0.06

0.2

12.8

1090

736

434

0.19

-0.03

0.00

1.00

Q, QQ

1.00

0.00

0.10

0.85

0.05

1.00

0.2

2.8

' The sign convention of Krane and Steffen has been used.
Agreement between observed and calculated results is not good. Discussed in text.
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with the general characteristic of the model.
The Fermi surface lies between the 0 =-,' and

0 =-,' Nilsson states arising from the d, ~, orbital.
Thus the less aligned -',

' and ~' states are pre-
dicted to have lower energies than the —,

" and -',"
states in the ~" band, as observed in the experi-
ments.

The interpretation of the higher states in the —,
"

band is more complicated. There is a break in
the band near the —'," state because the energy of
the 657-keg transition is smaller than the next
lower transition. The calculated energies of the
-'," and -'," states in the band are considerably
higher than those of the observed yrast states with
these angular momenta. This compression of en-
ergy and the observation of pairs of -'," and ~+
states suggest a band crossing, probably between
one-quasiparticle and three-quasiparticle bands.
Such a band crossing is consistent with the system-
atics of this region. In the neighboring even-even
nucleus '"Pd (and in other Pd and Cd nuclei), 6'
and 8' bandheads have been observed at excitation
energies similar to these ~' and -'," states and
interpreted as Coriolis-mixed two-quasiparticle
states. ' The pairs of states at the band crossing
probably contain mixtures of three-quasiparticle
and one-quasiparticle components. A detailed
interpretation of the states is not possible, since
three-quasiparticle components were not included
in the calculation.

The other three new states (—'," at 3034 keV,
at 2512 keV, and ~9 at 3327 keV) do not fit into
the one-quasiparticle interpretation. The -'," state
has an energy similar to a calculated state, but it
does not have appropriate transition properties, as
will be discussed below. The -", and -", states
have much less energy than calculated states with
the same spins and parities.

The calculated transition properties in '"Pd, in-
cluding M1, E2, and E1 modes, are compared with
the experimental results in Table I. There are
many interesting patterns of branching among the
states, which are reproduced by the calculation.
The second -',", -',", and —", states are connected
by E2 transitions, and less intense transitions to
other states are also observed. These weaker
branchings favor the yrast states in the &' band
over those in the &' band. There are weak inter-
band transitions between the two main positive-
parity bands, indicating some mixing of the g, ~,
and d, ~, single-particle configurations. There are
also weak El transitions connecting the rotation-
aligned negative-parity states to the &' and -', '
bands. The nonaligned —',~ and ~,' states decay
by 4J = -1 transitions to —", and —,' states, and
not by hI =+ 1 transitions to states having the
same amount of core rotation as the respective

initial states. Although less aligned states in the
&' band are connected by E2 transitions, the
corresponding transition between the less aligned

and -", states is not observed. All these fea-
tures are reproduced by the calculation.

The E2/M1 mixing ratios of all the interband
transitions between the main positive-parity bands
are observed to be small, whereas those for the
transitions depopulating the positive-parity non-
aligned states are of considerable magnitudes and
negative sign. These results are in agreement
with the calculations. It should be emphasized
that here we are dealing with a complex situation
where there is substantial mixing not only between
different Nilsson states arising from the same shell-
model orbital, but also between different orbitals,
d, ~, and g, ~,. The contributions to an%1 amplitude
from various pairs of Nilsson states come in both

signs, resulting in large cancellations. Thus, the
overall agreement between the predicted and obser-
ved values of the mixing ratios and branching ratios
is remarkable.

The calculation predicts relatively lying half-
lives for the yrast -',

' and ~ states (0.65 and 0.25
nsec, respectively). It would be interesting to
measure these half-lives experimentally.

As mentioned previously, the transition proper-
ties of the second -'," state at 3034 keV do not sup-
port assignment of this state as a member of the
&' band, although the energy of the state is con-
sistent with the calculation. It is seen in Table I
that the observed transition should be the weakest
of four possible transitions if this state were a
non-yrast member of the ~" band. This illustrates
the advantage of including transition properties to
improve the reliability of nuclear structure analy-
sis. Since the -'," state is in the energy region of
the band crossing, it probably has strong three-
quasiparticle components.

The second -", and —", states, which have much
less energy than the corresponding calculated
states, have the spin, parity, and energy expected
for an h»~, quasiparticle coupled to the second 2'
and 4' states in the neighboring even-even nucleus.
However, if this interpretation were correct, an
E2 transition between them would be expected and
none was observed.

In conclusion, we have observed several non-
yrast states in '"Pd, weakly populated in (HI, xn)
reactions. Three of these, the second —,", ~',
and ~' states, have been identified by their ener-
gies and transition properties as non-yrast mem-
bers of the —,

'+ band. A similar interpretation ap-
plies to the —", and —", members of the hei~ band.
These states further illustrate the appropriateness
of using a slightly deformed symmetric rotor to
interpret transitional nuclei.
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