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High-spin states have been populated in '"Pd by "Zr{"C,3ny)' 'Pd with E„b= 56 MeV and in ' Pd by

"Zr("C,3ny)' Pd with Ei~ = 63 MeV, We find in each nuclide a ground state band (IJ = 2) of positive parity

extending to J = 14+, as well as two negative parity bands (dJ = 2), one of odd spin and one of even spin. For
' Pd, the present level scheme represents the first definitive study of excited states in this nuclide. For '"Pd the

present data include the first measurement of the y'-ray linear polarizations. The level energies are compared to the

variable moment of inertia model, the interacting boson approximation model, and to the results of a quasiparticle

calculation.

NUCLEAR REACTIONS, NUCLEAR STRUCTURE Zr( C, 3ny) Pd, E= 56
MeV, ~4Zr(' C, 4ny) Pd, E=69 MeV, 8'Zr(' C, 3np) Pd, E=56, 63 MeV.
measured E„,I~, y( 0),y(t), y(E), y-y coin, linear polarizations. Pd de-
duced levels, p branching, J, 7r, (5, t&~2 limits. Enriched +Zr targets,
Ge(Li) detectors, Ge(Li) Compton polarimeter. Variable moment of inertia
model, interacting boson approximation model, rotation alignment model.

INTRODUCTION

The present study of high-spin states populated
in '"Pd and '"Pd by using heavy-ion reactions is
part of a program to determine the level schemes
of increasingly neutron deficient even-Pd nuclei
which approach N= 50 neutrons from above. One

goal is to establish the limits of validity of the ex-
tended variable moment of inertia (VMI) model. "
In contrast to strongly deformed even-even nu-

clei, for which a deviation from the VMI excita-
tion energy predictions is often observed at a
critical spin J, = 12 to 16 for rare earth nuclei
(backbending) and at still higher spins for some
actinide nuclei, nuclei with only a slightly de-
formed or nearly spherical ground state might be
expected to deviate at a smaller critical spin. For
example, in the neutron-rich Te nuclei, a devia-
tion is observed' already for J, =4. At the same
time, the nuclear angular velocity, as deduced
from the familiar g vs ~' plot at which the back-
bend occurs, is larger for the Te nuclei than
those observed in more deformed nuclei. Another
goal is to attempt to understand the causes of de-
viations from the VMI predictions for the energy
levels observed for the highest spin members of
the ground state &J= 2 cascade. We shall approach
this problem by using the rotation alignment model
in the context of the deformed shell model.

Our preliminary report' on the '"Pd and '"Pd
level schemes reported a "forking" of the ground

state cascade in each nucleus into two parallel
even-spin positive-parity cascades. Subsequently,
measurements' of the y-y correlation ratios in
'"Pd showed that the lowest state in the second
branch has a spin of J= 8 or 9 and not 10, as we
had proposed. The problem was further investi-
gated by a careful measurement of the linear po-
larizations of the relevant y rays which indicated
that J'= 9 is the most probable assignment for
this state. ' Also, we determined' that the lowest
state in the second branch in '"Pd has J"=8
(rather than the 8' which we had previously pro-
posed). ' In the case of "'Pd, the erroneous spin
assignment resulted from our failing to take into
account the existence of a second y-ray transition
(7 —5, 714.0 keV) which is unresolved from the
y ray tra-nsition (714.9 keV) that connects the 4'
= 9 and 8' levels.

For ' Pd, the present work is the first defini-
tive study of excited states in this nuclide. For
"'Pd, as will be shown, the level schemes which
have been found by different groups' "are now

nearly in complete agreement. In each nuclide,
there i.s found in addition to the ground state cas-
cade, an even-spin and an odd-spin ~= 2 cascade,
both of odd parity. As will be discussed below,
the level schemes extend in a systematic way the
level schemes which have previously been
found"'" "for '"'"'Pd. High-spin states have
also been reported" " in the neighboring odd-
mass Pd nuclei """"'"'Pd. These states re-
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veal more directly the location of the Nilsson
single neutron oribtals than do the states in the
even-Pd nuclei. We shall make use of this odd-A
information to present calculated level energies
based on the axially-symmetric rotation-align-
ment model both for the even-mass and for the
odd-mass Pd nuclides.

The values of R, = E,/E, are 2.29 and 2.13 for
"'Pd and '"Pd, respectively, and bracket the
value 2.23 for which the VMI parameter 80 van-
ishes. Such nuclei are extremely soft, i.e. , even
the smallest degree of rotation or "cranking"
which promotes the nucleus from the J"= 0' ground
state to the first 2' state will increase the mo-
ment of inertia by a considerable amount (for nu-
clei with 1.82& R4= 2.23, the ground state mo-
ment of inertia vanishes according to the VMI
model). The vibrational modeP' was first suc-
cessfully applied to nuclei of this type. The de-
velopment of the vibrational phonon model has
recently been reviewed" by Iachello who proposed
a specific form of the interacting boson approxi-
mation (IBA). Recently, Iachello, Arima, and
Feshbach" "have treated the case where only
quadrupole bosons are included. This model pre-
dicted a large number of collective states of even
parity, arranged in bands which are connected by
enhanced E2 transitions. They later included oc-
tupole bosons in their model" to describe negative

parity collective states as well. We shall present
below a comparison of the latter form of the IBA
to the experimental level schemes.

EXPERIMENTAL

The reactions "Zr("C, 3ny)'"Pd at 56 MeV and
"Zr("C, 4ny)'"Pd at 69 MeV were utilized to
populate high-spin states in '"Pd using ions pro-
duced by the Brookhaven Tandem Van de Graaff
Facility. For the former reaction we have mea-
sured, during the course of several experiments,
y-ray excitation functions, y-y coincidences, y-
ray angular distributions and y-ray lifetimes by
using a pulsed beam, and y-ray linear polariza-
tion data. For the latter reaction, we have mea-
sured y-y coincident intensities, y-ray angular
distributions, and y-ray excitation functions.

Figure 1 shows the y-ray singles data obtained
from "Zr("C, 3ny)"'Pd at 56 MeV. The "Zr
target was enriched to 95%. The data shown were
obtained with the Ge(Li) detector located at eight
different angles ranging from 60' to 162' with res-
pect to the beam direction and subsequently sum-
med. The peaks which are assigned to '"Pd are
labeled with their energies. We have also indi-
cated the strongest lines from "'Pd, "'Pd, "Ru,
"Ru, and "Zr which are simultaneously produced.
In a separate experiment utilizing this reaction,
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FIG. 1. A Ge(Li) y-ray spectrum produced by C on Zr at 56 MeV. The transitions assigned to +Pd are labeled
with their energies (in keV). Prominent transitions in ~Pd, o Pd, +Ru, Ru, and Zr are also indicated. This
spectrum is the sum of eight spectra recorded with the Ge(Li) detector located at eight distinct angles ranging from
60' to 162' with respect to the beam direction.
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y-y coincidences (2T-25 ns} were event-mode
recorded on magnetic tape utilizing two 85 cm'
Ge(Li) detectors. One detector was located at 90'
and the other at 0'with respect to the "C beam
direction. For aligned nuclear states, this detec-
tor arrangement yields a partial y-y angular cor-
relation measurement" in addition to the coinci-
dent intensity information. The level scheme for
'"Pd which we have deduced from a careful con-
sideration of the observed coincidences is shown
in Fig. 2. Several of the levels shown are also
known from previous work. Several previously
known levels are populated weakly or not at all
in the present work and are labeled accordingly:
(a) y rays produced by "Ru(n, ny)'"Pd with E
= 17 MeV; (b} y rays following the decay of "'Ag
to "'Pd; and (c) internal conversion electrons
following the EC-P' decay of '"Ag to '"Pd. These
levels have been included in Fig. 2 in order to
show a complete picture of what is known about the
level structure of "'Pd. This level scheme is dis-
cussed in detail below and is compared with a pre-
viously reported level scheme obtained for "'Pd

by other investigators. " Three additional experi-
ments were performed to aid in assigning spins
and parities to the levels shown in Fig. 2. The
angular distributions, the linear polarizations,
and the lifetimes (the last using a pulsed beam)
were measured. All of these data were acquired
using the same reaction, beam energy, and "Zr
target (6 mg/cm', &E=9 MeV) in order to simplify
the analysis.

The y-ray angular distributions were recorded
using a 60 cm' Ge(Li) detector. The detector was
situated at one of eight angles (for typically 10
min) and then, under computer control, moved to
the next angle. The eight angles with respect to
the beam were 60', 75', 90', 105, 120', 135,
150', and 162'. The counting time at each angle
was normalized to the number of y rays with E&
& 600 keV which were recorded by a Ge(Li) moni-
tor detector placed at 90' and on the other side of
the beam line. The spectra acquired from all
eight angles are added and presented in Fig. 1, as
mentioned above.

The y-ray linear polarizations were measured
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FIG. 2. The proposed level scheme of Pd. Most of the levels are deduced from the present work. Other transi-
tions, which have been more definitely assigned in previous studies, are also included in order to present a more
complete level scheme. These are labeled: (a) y rays produced by 99Ru (~,ny) Pd with E»~ =17 MeV; (b) y rays
following the decay of Ag to Pd; and (c) internal conversion electrons following the decay of Ag to Pd. Also
shown are the calculated ground state band energies according to the IBA and VMI models as discussed in the text.
All known levels are shown except for 20 new levels of low spin between 1.6 and 3.1 MeV which have recently been
found (Ref. 51) from inelastic proton scattering with XI~=8 MeV. The numbers in parentheses are relative transition
intensities determined from singles spectra while those in brackets are determined from coincident spectra. Both
types have been corrected for Ge(Li) detector efficiencies. The transitions shown by dotted vertical lines are seen
more definitely in previous work. The ones drawn with dashed lines can be placed only tentatively by the present study.
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using the Johns Hopkins University Ge(Li)-Ge(Li)
two-crystal Compton polarimeter. "'"'" The po-
larimeter was located at 90' and data were ac-
quired with the crystals in two different positions.
One position was with the axis connecting the two
crystals in the plane defined by the ' C beam and

the detected y ray, and the other position was
with the axis perpendicular to this plane. We
event-mode recorded coincidences (=80 Hz) be-
tween the two polarimeter crystals. The counting
time for each of the two polarimeter positions was
normalized to the number of singles y-ray events
from a fixed Ge(Li) detector with E& & 600 keV.
The results of these measurements are discussed
below.

For the nuclide '"Pd, Fig. 3 shows the p-ray
singles data obtained from "Zr(~C, 3ny)'~Pd with

E» =63 MeV. As in the case of '"Pd, the y-ray
spectrum shown was obtained by adding the spec-
tra recorded at eight distinct angles. The y-y
coincidences, y-ray linear polarizations, and y-
ray lifetimes were also recorded in separate ex-

periments for this reaction as was described above
for '"Pd. In addition, the angular distributions of

y rays produced by the reaction "Zr("C, 3sy)'OOPd,

with E» = 56 MeV, were measured. The level
scheme, which is displayed in Fig. 4, was deduced
from the z-ray coincidences and displays all of the
excited states of "'Pd which can be inferred. We
have included two additional states of '"Pd in Fig.
4 which are now known" from the "Ru("0, "C)"'Pd
reaction with E&,b = 70 MeV and 8» = 40'. The
"C ions were detected by a 70 cm proportional
counter located in the focal plane of the Brook-
haven QDDD magnet facility.

RESULTS

A. '
Wd

The numerical results for '"Pd are summarized
in Table I. The first column lists the transition
energies, and the second column lists the relative
z-ray intensities which have been corrected for the
detector efficiency and for the transmission of a
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FIG. 3. A Ge(Li) y-ray spectrum produced by C on Zr with E =63 MeV. The transitions assigned to o Pd are
labeled with their energies (in keV). Prominent transitions in Pd, Pd, Rh, Ru, Ru, and Ru are also labeled.
This spectrum is the sum of eight spectra recorded with the Ge(Li) detector located at eight distinct angles ranging
from 60' to 164 with respect to the beam direction.
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TABLE I. Transitions in Pd produced by 56 MeV C+ Zr. The correlation ratio R is defined by Eq. (2) and M is
the number of coincident stretched E2 transitions used to determine R.

Transition
energy

(keV)
Relative
intensity Ag/A g A4/A p

Linear
polarization Assignment

172.6 + 0.7
179.8 + O. V

182.4 +0.7
183.0 + 0.7

274.04 + 0.22

327.14 + 0.15

335.8 + 0.5
336.41+ 0.22
337.3
387.57+ 0.31
428.48 + 0.36

440.00+ 0.18

440.1
482.51+ 0.10

509.1 ~ 0.9
512.5 + 0.9
539.74 ~ 0.15
556.49+ 0.15
590.22+ 0.30

600.6 + 0.7
603.56 + 0.45
618.2 + 0.5
620.0 + 0.5
647.17+ 0.20
701.12+ 0.25
704.96 ~ 0.18
714.00+ 0.40
714.88+ 0.40
719.37+ 0.16
756.21+ 0.25
758.5 ~ 0.4
776.70 + 0.25
812.23 + 0.40

820.15+ 0.35

835.42 + 0.12
862.05+ 0.30
890.75 + 0.25
893.05+ 0.25
901.78 + 0.15
931.87+ 0.25
962.16+ 0.40
979.65+ 0.25
988.30+ 0.30

1003.15+ 0.30
1018.6 + 0.4
1019.0 + 0.4
1046.25 + 0.40

1.93
6.37

3.55

+ 0.09 -0.29 + 0.09 +0.05 + 0.13
+0.14 +0.41 + 0.06 +0.05 +0.08

+ 0.13 —0.09 + 0.07 +0.19 + 0.11

-0.38 +0.43
—0.45 +0.24

-0.16 + 0.20

3.48 + 0.14 +0.051+ 0.050 -0.025+ 0.075 1.16 + 0.47 2 -0.26 + 0.10

10.32 + 0.28 +0.201+ 0.040 +0.045 + 0.059 0.98 + 0.10 5 0.41 + 0.10

18 ~ 60

2.5
3.55
3.41

+ 0.59 —0.042+ 0.021 —0.040 + 0.031
0.67 +0.18 2
2.33 + 0.40

+ 0.28 -0.50 + 0.13 +0.13 + 0.19 2.70 + 0.75 5
+ 0.28 -0.26 + 0.10 -0.09 + 0.15

0.306+ 0.028

0.35 + 0.15
-0.30 + 0.12

2
2.45 + 0.19 +0.40 + 0.11 +0.17 + 0.16 0.84 + 0.31 2 -0.46 + 0.20

7.84
:113.0

4.42

+ 0.26
+ 2.0
+ 0.33

+0.248 + 0.047
+0.305+ 0.010

0.00 + 0.09

1.37 + 0.24 5
0.93 + 0.29 2

-0.054+ 0.069 1.01 + 0.23 3
-0.092 + 0.010
-0.12 + 0.13

0.35 +0.07
0.454 + 0.014

3.8 +0 7
0.71 + 0.22

5.39 + 0.20

7.67 + 0.25
6.62 ~0.48

23.67 + 0.46

-0.18 + 0.12
—0.04 + 0.12
+0.05 + 0.12
+0.315+ 0.055
+0.268+ 0.035
+0.292+ 0.022

+0.03 + 0.16
+0.15 + 0.17
-0.13 + 0.18
-0.156+ 0.080
—0.082 + 0.051
-0.110+ 0.030

2.7 + 1.0

1.07 +0.27

1.16 + 0.07

0.45 + 0.15

0.75 + o!

0.76 + 0.11
0.497+ 0.036

31.3 + 1.0 +0.20 + 0.03 -0.09 + 0.05

923c ~09
12.2 + 0.7

+0.269+ 0.010
+0.338+ 0.043

-0.069 + 0.012
-0.076+ 0.063

2.52 + 0.29
1.048 + 0.045
1.39 + 0.20

2
0.379+ 0.024

I 0.431+0.024
3 0.54 + 0.13

13.30 + 0.42
2.86 + 0.19

+0.270+ 0.028 -0.088 + 0.040 1.08 + 0.20 2 0.59 + 0.07

2.69 + 0.27 +0.28 + 0.18 +0.06 4 0.26 —0.24 + 0.31

57.9
1.49

14.85
15.21
49.87
10.56
4.17

23.41
2.60
5.78

+ 0.8
+ 0.28
+ 0.33
+ 0.32
+ 0.41
+ 0.29
+ 0.42
+ 0.28
+ 0.17
+ 0.20

+0.289+
-0.04
+0.361+
+0.333+
+0.271+
+0.289+
+0.05
+0.251+
+0.02
+0.25 +

0.012
0.13
0.054
0.042
0.014
0.049
0.12
0.022
0.11
0.07

—0.052 + 0.018
+0.01 +0.18
-0.108+ 0.080
-0.06V + 0.062
-0.045+ 0.020
-0.087 + 0.071
-0.14 + 0.17
-0.052 + 0.032
+0.04 ~0.1$
-0.21 + 0.10

1.047 + 0.038 2

0.68 + 0.14
0.92 + 0.09
0.983+ 0.034
0.76 + 0.14

1.011+0.052 4

2.13 + 0.46 4

0.513
0.34
0.60
0.512
0.52
0.29
0.20
0.638
0.68
0.64

+ 0.056
+ 0.37
+ 0.07
+ 0.049
+ 0.09
+ O. IV
+ 0.32
+ 0.059
+ 0.24
+ 0.18

15.18 + 0.24 +0.236+ 0.029 -0.048+ 0.042

2.45 + 0.20 +0.19 + 0.12 -0.19 ~ 0.17
2

0.49 + 0.08

0.48 + 0.26

13.6 + 0.8 +0.247+ 0.029 +0.018+ 0.042 0.94 + 0.10 5 -0.492+ 0.050

5 4+
3

5 -(5)
One of these is
(5+)-3". The
other is probably
in 102Pd

7 6
6 =+0.20+ 0.07
8+ ~8+

2
6 =-0.27+ 0.13
(10'�) 10+

~4+
2

9 Vg

9 8+
2

(Io--g,-)
6 =-0.05+ 0.07
6 5
5 =+0.40+ 0.09
11 10+
8 7

6 =+1.5+ 0.5
(12$)

(4f-4i)
9 7
2+ ~0+
(10--9-)
6 = +0.14+ 0.09
(10+, -9-)
4+

2 2
Possibly in ~Pd
6--(5')
10 8

gp 7
11 9
7 5
g -8+
4+ 2+

8 6

Hgg)
12 -10-
Probably occurs

ln Pd
Probably occurs

f02p

6+ -4'
(4+ ~4+)
14 12
13
8+ ~6+
(12$ 10$)'"I d
10+ 8+

(IO]) -8+,
16 14
(5+)~4+
15 ~13
102Pd
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TABLE I. (Continuecg.

Transition
energy

(keV)
Belative
intensity A2/Ap A4/A p

Linear
polarization Assignment

1062.25+ 0.18
1073.92 + 0.40
1076.04+ 0.35
1083.71~ 0.32
1116.80+ 0.40
1198.29+ 0.18
1228.93+ 0.35
1278.91+0.40
1315.8 + 0.7
1332.1 + 0.7

1352.5 +0.8

1375.81+ 0.40

1493.6 ~ 0.7
1535.19+ 0.50
1556.10~ 0.50
1581.94 + 0.20
1744.34 + 0.40

9.58 + 0.20
1.74 + 0.20
2.34 +0.20
5.37'+ 0.23
4.69 +0.28
3 ~ 10 + 0.16
1.21 + 0.19
3.21 + 0.17
2.01 + 0.13
3.84 +0.23

+0.240+
0.60 +
0.17 +

+0.226+
+0.34
-0.23 +

0.051
0.16
0.11
0.066
0.10
0.11

-0.25 + 0.10
+0.05 + 0.17
-0.05 + 0.09

-0.032 +
+0.07 +
-0.22 ~
-0.141+
-0.04
-0.05 +

0.075
0.22
0.16
0.098
0.14
0.16

-0.12 + 0.15
+0.00 + 0.24
-0.09 + 0.].4

1.19 + 0.23

1.33 +0.13
0.88 +0.09
2.33 +0.13
9.43 + 0.22
1.94 + 0.18

-0.28 + 0.20 +0.04 + 0.29

-0.07 +0.13 +0.16 ~0.19
+0.281+ 0.045 -0.038 + 0.065
+0.26 +0.16 +0.19 +0.24

1.87 + 0.18 +0.43 + 0.15 +0.12 + 0.22

0.58
0.43
0.24
0.39
0.66

-0.28
0.39
0.45

+ 0.13
+ 0.40
+ 0.43
+ 0.25
+ 0.28
+ 0.29
+ 0.61
+ 0.28

0.47 + 0.47

0.48 + 0.52

-0.21 + 0.51
0.23 + 0.23

12+ 10+

Possibly in P Pd
Possibly in Pd
14+ 12+
17 15
5 -4+
(8)-6 )
7;-6+
(10f 8+)
Probably occurs

in 'PIPd

Possibly occurs
102Pd

(44+) 4+

6 =+0.61+ 0.63
Possibly in NPd

2f 0+
3( ) 2+

4f -2+
4f 2'

13% of this intensity is an unresolved transition in Pd
~ 2.4%%up of this intensity is an unresolved transition in +Pd.

1.4% of this intensity is an unresolved transition in +Pd and 9.0% is due to a transition in IRu.
~ 0.7% of this intensity is due to bvo unresolved transitions in +Pd.

1.6%%up of this intensity is due to an unresolved transition in Pd.

copper absorber which was used to attenuate the
Zr target x rays. These intensities are obtained
from best fits to the summed angular distribution
data except for the cases of overlapping y-ray
peaks. In each of these special cases, the inten-
sity is determined from the coincident intensities.
An additional check that a particular peak is com-
pletely resolved from other peaks is provided by
requiring that the relative singles intensity and

coincident intensity agree, after correcting for
the angular correlation. The third and fourth
columns of Table I list the A, /A, and A, /A, values
obtained from a best fit to the angular distribution
data. These values are obtained by fitting the ex-
pression

W(6) = A, +A,P,(c os 8) +A,P,(c os 8)

to the background subtracted peak areas at all
eight angles, where P, and P, are Legendre poly-
nomials, and A„A„and&, are the adjustable
parameters. The values of A, /A, and A, /A, listed
in the third and fourth columns in Table I have
been corrected slightly for the solid angle sub-
tended by the Ge(Li} detector.

To be concise, we shall not tabulate all possi-
ble coincident intensities which led to the level
scheme shown in Fig. 2. We shall, however, ex-

plicitly point to the controversial cases involving
the weakest transitions. Moreover, it is useful
to tabulate the correlation ratio R which is pre-
sented in the fifth column of Table I. The correla-
tion ratio R is defined as follows. Let y, and y,
be two coincident y-ray transitions. Let I~ be the
coincident rate of y, striking detector 2 (at 90')
and p, simultaneously striking detector 1 (at 0 }.
Let I~ be the coincident rate of y, striking detec-
tor 1 and y, simultaneously striking detector 2.
We define R for y, (where y, precedes y, ) by

R(ri) =4/~a-
The ratio R is referred to as the directional cor-
relation ratio" from an oriented state (DCO ratio}.
It turns out that R is unchanged by any unobserved
stretched transitions between y, and y, as long as
the magnetic substate populations of the nuclear
spin are not disturbed by the nuclear environment.
In this paper, we shall let y, be the y ray of in-
terest and y, will always be a transition known to
be a coincident stretched E2 transition (usually
a member of the ground state cascade). For ex-
ample, consider the entry 0.98~ 0.10 listed in the
fifth column of Table I for y,27 $ For this transi-
tion, there are four coincident E2 transitions in
the ground state cascade. Each of the four stret-
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875. 5
[7.O]

78 39.0

practice, a continuous range of values for R is
possible for various values of the quadrupole-
dipole mixing ratio for the transition of interest
and for various values of the spin and alignment
of the y-ray emitting state. We find it convenient
to use, instead of R, the quantity (R —1)/(R+ 1)
and shall shortly discuss several plots of this
quantity which can take on any value from -1 to
+1 (for point detectors).

This technique has previously been used' to
show that y»4 9 is not a streatched quadrupole
transition (in which case R= 1) as we had prev-
iously proposed. ' From Table I, the average
value of R for y»4 9 whe n taken in coincidence
with @835 4 and y9pg 8 is R =2.52 + 0.29. Thus the
spin of the level at 3727.9 keV in '"Pd can only be
J=7, 8, or 9. We shall discuss this level in more

. detail below.
'The seventh column of Table I lists the results

of the linear polarization measurements. We mea-
sured the two counting rates I(0') and I(90 ) with
the polarimeter axis in the reaction plane and

perpendicular to the reaction plane, respectively.
The linear polarization P is then defined by

IBA

665.3
(100)

VMI E XP

I(90')-I(0') 1

I(90')+I(0') Q
' (3)

FIG. 4. The proposed level scheme of Pd. Also
shown are the calculated ground state band energies
according to the IBA andVMI models as discussed in the
text. The two levels labeled with an "a"have been
found (Ref. 36) usi.ng the ~ Ru( 0, C) Pd reaction.
The numbers in parentheses are relative transition
intensities determined from singles spectra while those
in brackets are determined from coincident spectra.
Both types have been corrected for Ge(Li) detector
efficiencies. The dashed levels can be inferred only
tentatively from the data.

ched E2's yields a value for R using Eq. (2). The
theory" tells us that all four values of R should be
the same. Therefore, to gain greater accuracy,
we average the four experimental values for the
ratio R for y~7, In this case, there is another
intense coincident stretched E2, namely y7p5 so
that five stretched E2's were used to obtain the
average value of R= 0.98+ 0.10. (In doing this, we
ignore any difference in the alignment of the
3340.2- and 4432.9-keV levels. ) Therefore, we
have entered a "5" in the sixth column of Table I
to indicate that five stretched E2 transitions are
used to evaluate R for y327 I If f327 j were a pure-
stretched quadrupole (E2 or M2) transition, then
the anticipated value would be R = 1. However, if
p3Q7 $ were a pure- stretched dipole transition, the
value (depending on the alignment of the level at
3340.2 keV in Fig. 2) would be about R= 2. In

where Q denotes the sensitivity of the polarimeter to
the linear polarization. The quantity Q decreases
smoothly from Q =—0.5 for E„=250 keV to Q =—0.2 for
E,= 1500keV. The calibr ation of Q is accomplished
by recording p-ray transitions of known multipolarity
which are emitted by nuclear states whose alignment
has beendetermined by measuring p-ray angular dis-
tributions. A calibration of Q is displayed in Fig.
1 of Ref. 19. The linear polarization P can range,
in principle, from+1, e.g. , for stretched pure-
electric transitions, to -1, e.g. , for stretched
pure-magnetic transitions. The linear polariza-
tion is usually larger in magnitude whenever the
emitting nuclear state is more aligned as is also
true for the three quantities A,/A„A,/A„and
(R —1)/(R+1). For an isotropic initial nuclear
state, the four quantities P, A,/A„A,/A„and
(R —1)/(R+ 1) vanish for subsequent 7 rays.

We now discuss the detailed findings first for
the level scheme of "'Pd shown in Fig. 2. The
set of seven transitions which successively de-
populate the level at 6138.6 keV form a ~= 2(E2)
cascade populating the J"= O' '"Pd ground state.
The A,/A„A,/A„R, and P values support this
interpretation. We do not list values of R for the
highest energy transitions in Table I, as these
are thought to be unreliable due to an experimental
difficulty with the electronics. The set of four
transitions which successively depopulate the level
at 7461.7 keV, namely 'Y»&«, y&p&9 p& y893 pp
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y, Q5 Q are also stretched Em transitions. To de-
termine the J' values for levels in this latter cas-
cade, we now deduce the J"value for the 3V27.9-
keV level, which is depopulated by y7g4 g to the J'
= 8' member of the '"Pd ground state cascade, by

y38 ~
'6 to the leve 1 at 3340.2 keV and by y,3g, to the

level at 3188.4 keV. The 3340.2-keV level is de-
populated by y~7, to the J'= 8' member of the
ground state cascade as shown in Fig. 2.

In Fig. 8, we plot experimental values of A, /A,
vs A, /A&, for y», , and y,», in '"Pd which were
obtained by fitting Eq. (1) to the angular distribu-
tion data. We also display the quantity (R —1)/(R
+ 1), where R is given by Eq. (2), and the linear
polarization I'. Because the 3340.2-keV level is
depopulated by y327 ~ g and y~» „which populate
the J'=8' and 6' levels, respectively, this level
can only have a spin of J= 7 or 8. A spin of J=9
is ruled out by our pulsed-beam lifetime mea-
surements since, in that case, yy228 g would have
had a measureable lifetime —which is not ob-
served. A spin of J=6 is also ruled out since, in
that case, y», , would be expected" to have a
small negative (=-0.048}value of A, /A, which is
characteristic of a stretched quadrupole transition
from an aligned state. However, both Tables I
and II reveal a small positive experimental value
of A, /A, for y», , An examination of the data for

327 shown in Fig. 6 shows that J" for the 3340.2-

keV level is either 8' or I (the curve for J'= 'I

is very similar to the curve shown for J'= 9—
with the sign of the mixing ratio reversed}. Each
curve represents the locus of possible locations of
a datum for all possible (real} values of the quad-
rupole-dipole mixing ratio 5. A datum, then, is
expected to lie on the appropriate curve and not
merely somewhere in the interior. The choice of
J'= 8' is strongly favored for two reasons: (1)
the choice of J'= 7 suggests that yy2gs 9 would
expected to be more intense than y», „(2)the
choice of J = 7 would cause contradictions with
respect to spin assigunents for the connected
levels at 3188.4, 2914.4, and 2474.4 keV as we
shall discuss below. Therefore, we propose that
J"= 8' for the 3340.2-keV level in '"Pd. Pro-
ceeding from this choice, the 3727.9-keV level
can only have spin J= 7, 8, or 9 since y»4 g does
not have the DCO ratio R appropriate to a stretched
quadrupole transition (R = 1), as has also been
shown previously. ' Moreover, an appreciable
octupole admixture is ruled out by the measured
upper limit for the half-life of 5 ns. A spin of 7
for the 372V.9-keV level is not suggested both be-
cause a transition of 1616.6 keV to the J'= 6'
member of the '"Pd ground state cascade is not
observed and because contradictions arise with
respect to spin assignments for the connected
levels at 3188.4, 2914.4, and 2474.4 keV. In the

0.3—

0.2—

1.0—
y 387.6 DATUM.

REFLECTED
THROUGH P=Q

0 I—
O

Q

'C

-0 I

0.6—

8~+0.2—

-0.2— QQ—

-03—

I I I I I

-0.8 - 0.6 -0.4 -0.2 0
Ap /Ap

I I

0.2 0.4 0.6

-02— y32
R EFLECTFD

THROUGH P=O

I I I I

-0.6 -0.4 -0.2 0
I I I

0.2 0.4 0.6

FIG. 5. The possible nuclear spin changes associated with the 387.6- and 327.1-kev transitions in Pd. These
transitions are produced by srZri tC, 3sy) with E&+ =66 MeV. The curves are calculated by assuming a Gaussian
magnetic substate population (Ref. 37) of nuclear spina with the alignment coefficients: o.2=0.67, o.4 =0.50, and G&
=0.10. Also shown is a datum obtained from the +Zr( C, 4sy}tNPd reaction with E&&=69 MeV. Along each
closed curve, the quadrupole-dipole mixing ratio varies from 0 to + ~ and from 0 to —~ . The spin assignments whi, ch
follow from these data are discussed in the text.
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TABLE II. Transitions in 2Pd produced by 69 MeV C+ +Zr. The intensities have been
corrected for the Ge(Li) detector efficiency and the A&/Ap and A4/Ap values have been slight-
ly corrected for the finite solid angle of the detector.

Transition
energy (keV)

172.6
179.8
182.4
183.0
274.04
327.14
335.8
336.41
338.2
38V.SV

428.48
440.00
440.1
482.51
509.1
512.5
S26
539.74
556.49
590.22
600.6
603.56
618.2
620.0
647.17
701.12
704.96
714.00
714.88
719.37
756.21
758.5
776.70
812.23
820.15
835.42
862.05
890.75
893.05
901.78
931.87
962.16
979.65
988.30

1003.15
1018.6 (
1019.0j
1046.25
1062.25
1073.92
1076.04
1083.71
1116.80
1198.29
1228.93
1278.91
1315.8

Relative
intensity

3.43+ 0.14
6.11+ 0.61

3.93+ 0.40

3.08 + 0.20
9.35+ 0.31

20 +2'

2.71+0.19
3.41+ 0.16

11.80+ 0.57

2.46 + 0.29

6 +2'
5..5 + 1.1
6.7 + 1.3

=105.0 + 1.0b
3.42 + 0.24

1.40 + 0.13
2.6 + 0.4
2.7 +04
8.02+ 0.33
6.1 +1.5'

16.68 + 0.49

19 +2~

82 +3

11.15+ 0.53

8.8 + 1.3
2.1 + 0.4
2.11+0.22

56.2 + 0.8
2.53 + 0.38

18 +3'
44.8 +1.Q

y2c
2.06+ 0.17

18.17+ 0.58
4.3 ~0.7
6.41+0.18

15.2 + 1.6
2.57~ 0.17
9.54+ 0.13

2.64+ 0.26
4.46 + 0.20

1.2 c

3.19+0.15
1.70+ 0.09
3.22+ 0.15
1.10+ 0.08

A2/Ap

-0.071+ 0.012
0 ~ 160+ 0.041

-0.304+ 0,062
-0.39 + 0.09

0.349+ 0.030

0.63 + 0.06
0.03 + 0.07

-0.34 +0.08
0.238 + 0.011
0.310+ 0.010

-0.03 + 0.07

-0.008 + 0.044
0.230 + 0.037
0.339+ 0.028
0.239+ 0.036
0.345 + 0.012

0.231+ Q.010

0.270+ 0.010
0.298+ 0.020

0.390+
+0.02

0.41 +
0.316+

-0.05
0.42
0.260+
0.332+
0.325 +
0.28 +
0.296 +
0.06
0.350+

0.030
0.08
0.11
0.010
0.09
0.06
0.022
0.011
0.018
0.08
0.011
0.06 ~

0.051

0.31 + 0.07

0.21 + 0.07
0.326 + 0.021

0.05 +0.06
0.161+0.052
0.37 +0.08

—0.23 + 0.05
0.14 + 0.06

-0.22 +0.05
0.59 +0.12

-0.250+ 0.045
0.304 + 0.015

-0.239 + 0.026

0.130+ 0.030
0.276 + 0.022

A4/A p

0.061+ 0.064
0.045+ 0.021

-0.005+ 0.036

0.034+ 0.043
0.020 + 0.030

0.015+ 0.016
-0.079+ 0.059
-0.064 + 0.088

0.06 + 0.12

0.040 ~ 0.042

0.16 + 0.08
-0.05 + 0.10

0.05 + 0.11
-0.040 + 0.015
-0.069+ 0.010

0.00 +0.10

-0.100+ 0.063
-0.104+ 0.052
-0.124+ 0.035
-0.059+ 0.051
-0.093+ 0.016

—0.073 + 0.013

—0.060+ 0.010
-0.091+ 0.029

-0.087 + 0.042
—0.01 + 0.11
-0.23 + 0.15
—0.085+ 0.010
—0.10 + 0.12
-0.04 + 0.09
-0.090+ 0.032
-0.083+ 0.016
-0.083+ 0.025

0.18 + 0.11
-0.056 + 0.015
-0.03 + 0.08'
-0.007+ 0.072

-0.01 + 0.10

0.00 + 0.10
-0.063+ 0.030

-0.02 + 0.09
-0.051+ O.OV4

-0.11 + 0.11
-0.04 + 0.07

Q.OS + 0.09
0.08 +0.07

-0.07 + 0.1V
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TABLE II. (Continlecg.

Transition
energy geVj

Relative
intensity Ag/A p A4/A p

1332.1
1352.5
1375.81
1493.6
1535.19
1556.10
1581.94
1744.34

61 P13c
1.16+ 0.12
1.99+ 0.08
1.78+ 0.08
0.80 ~ 0.08
2.51+ 0.10
8.25+ 0.55

0.19 + 0.07
0.29 + 0.16
0.28 + 0.08

-0.49 + 0.09
0.11 +0.21
0.17 + 0.06
0.336+ 0.020

-0.24 + 0.10
0.06 + 0.22
0.08 + 0.11

-0.05 + 0.12
-0.08 +0.30

0.14 +0.09
-0.125+ 0.027

This transition is unresolved from other transitions. The intensity is deduced from co-
incident data.

5% of this intensity is due to a transition in +Pd.
Perturbed by an unresolved transition in Pd.

left half of Fig. 5, we show the angular distribu-
tion datum for y3p7 6 both from Table I for the
"Zr("C, 3sy)'"Pd and from Table II for the
"Zr("C,4ny)' Pd reaction. These data show that

y„,, must be a J=9- 8 transition, and not 8- 8,
with a small (~ 6( & 0.3) or zero value of the quad-
rupole-dipole mixing ratio 5. The right half of
Fig. 5 shows that the parity is odd, leading to the
assignment J' = 9 to the 3727.9-keV leveL Hence
the levels at 4432.9, 5325.9, 6344.9, and 7461.7
keV in '"Pd are all odd-spin and odd-parity levels
as shown in Fig. 2.

Now we consider the levels of the cascade in
Pd at the right side of Fig. 2 beginning with the

2138.4-keV level. This level is also populated by
the EC-P' decay" "of '"Ag to "'Pd and has
previously been assigned J"=4'. This is in good
agreement with our angular distribution and linear
polarization data as listed in Tables I and II
which indicate that yyggy g is a stretched E2 transi-
tion to the J'= 2' first excited state. This spin
assignment (but not the parity) was also deduced
previously from the "Ru(a, sy)'"Pd work. " Pro-
ceeding from this, the level at 2474.4 keV de-
populates mainly by y336, which from Table I
appears to.be a stretched E1 transition, and is
PoPulated mainly by y7l4 p and y44p p The 714 0-
and 539.7-keV transitions successively depopulate
the level at 3727.9 keV with J= 9 which has al-
ready been discussed. From 'Table I, the 539.7-
keV transition appears to be a stretched E2 transi-
tion. Although y», , is obscured (by y»~ ~), it is
possible that it is also a stretched E2 transition.
Hence, J'= 5 is indicated for the 2474.4-keV
level as is shown in Fig. 2. A difficulty with this
assignment arises from the fact that the linear
polarization of yyygs 3 which also depopulates the
2474.4-keV level is negative, whereas a stretched
E1 transition depopulating an aligned nuclear
state has positive linear polarization. The situa-

tion is summarized in Fig. 6. Notice in Fig. 6(c)
that the experimental linear polarization -0.28
+ 0.29 for y, 98 3 is about 2 standard deviations
away from the value expected for a stretched pure
E1 transition. However, if the level at 2474.4 keV
instead would be assigned J'=5', then the linear
polarization for y336 4 would deviate by 20 standard
deviations. Hence, the J"= 5 assigmnent is
favored for the 2474.4-keV level, but one should
be aware of the difficulty concerning the linear
polarization of yllgs 3 in '"Pd. Now we consider
the level at 2914.4 keV in '"Pd which is depopu-
lated mainly by the 440.0-keV transition. This
levelhasaspinof J=5, 6, or V sinceitispromptly
fed by y274 p and promptly depopulated by y4„,. A

spin of J= 7 can be ruled out, however, since
y„,, does not have a negative value of A,/A„as
shown in Tables I and II, corresponding to a
stretched quadrupole transition. A spin of 5 is
also ruled out since y», , does not appear to be a
stretched quadrupole transition from the data
listed in Tables I and II. From the data shown in
Fig. 6, J'=6 is inferred for the 2914.4 keV level
and 6=+0.40~ 0.09 for y44p p Consequently we
conclude that y»4 p is a 7 - 6 transition. This
is in agreement with the measured quantities
shown in Table I for y274 p if y274 p is an M1-E2
mixture with a small positive value of 6 (6 =+0.2;
see Ref. 37 for the phase convention).

The cascade 1003.1, 890.7, VV6. V, 647.2, and
756, 2 keV in '"Pd probably consists of stretched
E2 transitions. Three difficulties are the DCO
ratios of R = 2.13+ 0.46 for y»» „R= 0.68+ 0.14
for y», „andR = 1.39+ 0.20 for y», , (instead of
R = 1 for all three). The R value for y»», might
have been increased by the removal of coincident
intensity (due to Doppler shifting in the Ge(Li) de-
tector at 0 ) to a higher energy not contained in
the coincident gate. The analysis of y„,2 and

y„,, is complicated by other overlapping peaks.
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We note that yypp3 yp ysgp 7y and y», ., were also
previously reported" to be stretched quadrupoles.
The 482.5-keV transition, therefore, is a mixed
M1-E2 transition with & =+1. Thus the spin and

parity assignments shown in Fig. 2 are considered
to be the most probable ones.

The level at 4328. 5 keV in '"Pd is depopulated by
two transitions y335 8 and yg88 3 that can be placed
with confidence and, in addition, two other transi-
tions y, 3 5 8 and y6pp 6 whose placement is less cer-
tain. For this level, the possible spins are J
=8, 9, or 10. This level has previously been as-
signed (Ref. 16) J'= 10'; however, that assign-
ment does not seem straightforward to us. A
consideration of the present data for y„,, and

y33 8 reveals that the J"values for this level
arising from an analysis of yges 3 could also be J'
= 8' (small negative value for the mixing ratio for
y», ,) or J'=9 (small positive value for the mix-
ing ratio). Further, the values for A2/A, for y», ,
from Tables I and II, +0.02+0.11 and 0.06+0.06,
deviate from those expected for a stretched quad-
rupole transition. The data do not lead to a defi-
nite J' assignment, but because of systematics"
the assignments of J = (10 ) for the 4328.5-keV
level and J'= (12') for the 5260.4-keV level may
be upheld.

The level at 3889.5 keV is depopulated by y7p

a stretched E2 transition. This level is probably
fed by y„,, as shown in Fig. 2. The level at
2651.7 keV was more strongly populated in the
previous" 99Ru(a, ny) "Pd work. The possible
spins are J= 4 or 5. We rule out J= 6 since y„„,
does not have a negative value for AJ'A, which
would be characteristic of a stretched quadrupole
transition. Taking into account the angular dis-
tribution data and the linear polarization measure-
ment for y,~5, listed in Tables I and II as well as
the previous angular distribution data, " the two
remaining possibilities are J'=4' (in which casey„„,is pure Ml) or J'=5 (in which case y„„,
is an E1 M2 mixt-ure with 5=+0.1) for the 2651.7-
keV level. The J'= (4') assignment is somewhat
more probable.

Now we consider the level at 2294. 5 keV. This
level was not reported in a study" of the EC-P'
decay of "'Ag, but was reported in the»Ru(a, np)

Pd study' and assigned 6' as well as in the
"Zr("C, 3ny)»'Pd study, "but assigned 4 . Figure
2 indicates that the possible spins for this level
are J=4 or 5. A spin of J=4 is unlikely since the
transition to the J' = 2' level at 556.5 keV would
have been expected if J"= 4' while, on the other
hand, a J"= 4 assignment would be contrary both
to the observed linear polarization of ylpys, and of

&82, , (although both values may be perturbed by
overlapping transitions). An assignment of J

= 5' would be mildly contrary to the observed
A, /A, value for &62, , which would then be mostly
El, the A, /A, value of y», „andthe linear polar-
ization of y„„,. An assignment of J"= 5, how-

ever, while being in agreement with an M1-E2
mixing ratio 6 =+0.1 for y,» p would not be in
agreement with the observed linear polarization
of y„,, as can be seen from the curves shown in
Fig. 6(a). This last assi~unent would also not
agree with the linear polarization for y,79 ~ 8 nor
with the observed value of A, /A, for y», , In
view of this difficulty, we cannot make a definite
spin and parity assignment for the 2294. 5-keV
level but merely suggest J"= (5'). Another possi-
bility, which is not ruled out by our coincidence
data, is that there are two nearly degenerate
levels at 2294. 5 keV in "'Pd. The first level (at
2294. 5 keV) would be fed by y», , and y,», and in
turn would be depopulated by y»», (y»», and

y„,, are observed in coincidence). The other
level (at 2295.0 keV) would be depopulated by

y„,4. We emphasize that we do not have any di-
rect evidence for two nearly degenerate levels at
2294. 5 keV, but are puzzled by the data concerning
this level.

Now we consider the level at 2112.4 keV shown
in Fig. 2. The three transitions yl82 4p yy556 lp and

y55, 5 are observed in coincidence with each other.
However, there is another "183keV" transition
which we are not able to place in the '"Pd level
scheme. This other 183 keV transition has previ-
ously been assigned" as a J= 6 (2294. 5 keV) to
J = 6' (2111.3 keV) transition on the basis of an ob-
served weak coincidence between "y,83 and "y8„."
However, we did not observe y,4, 4- y835 ~ 5 coinci-
dent events nor y„,—y», , events to an extent al-
lowing us to definitely place this other y„,in the
same location as was previously proposed. " The
previously observed y„,—y»5 weak coincidence
events may have resulted from y„,, shown in
Fig. 2 and an 836 keV transition from the 2112.4
keV level to the J"= 4' level at 1275.9 keV exci-
tation. However, we have no direct evidence for
or against such an 836 keV transition which would
overlap in energy with the more intense 6'- 4'
transition of the ground state cascade. Recently,
a study" of the excitation of '"Pd with 8 MeV
protons has shown that this state can only have
J"= 3'". This assignment is in agreement with
the data shown in Tables I and II and with a previ-
ous assignment. "

For completeness, we have included several
levels for '"Pd in Fig. 2 which are not strongly
populated in the present work but whose existence
has been inferred from previous studies. The
1918 keV level was deduced" from the»Ru(a, n)
'"Pd data, but no J"value was assigned. There
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are four additional levels shown in Fig. 2 inferred
from studying" the EC-P' decay of '"Ag: 1535.2,
2799.0, 2716.5, and 3238.6 keV. These have
previously been assigned J' values of 2', 4',
(1', 2'), and (1', 2'), respectively. Moreover,
a J"=0' 1592.5 keV level is shown in Fig. 2,
which was inferred from an in-beam internal
conversion study ' 0 of the decay of 'o Ag to ' Pd.
This J'=0' level might be a member of the two-
phonon triplet of states in '"Pd. Finally, several
new levels in "'Pd have been found recently from
the study" of the inelastic scattering of 8 MeV
protons from '"Pd. In particular, a J"=0' level
at 1658 keV, a J'= 2' level at 1944 keV, and 18
additional new levels between 2.2 MeV and 3.2 MeV
excitation energy have been found. These 20 levels
have not been included in Fig. 2.

8'Pd
Now we consider the level scheme for '"Pd

shown in Fig. 4. No excited states in "'Pd were
known prior to the present work. ' However, two
transitions of 665.8 and 750.4 keV were found"
following the decay of "'Ag with a half-life of
1.9 +0.3 min. We find that these two transitions
are produced promptly by "C+"Zr (enriched to

88%) with E„,= 63 MeV. Moreover, these two
transitions are observed to be the two strongest
members of the following coincident cascade of
y-rays: 945.4, 892.0, 881.3, 798.6, 773.0,
750.5, and 665.3 keV. This cascade of seven
transitions, arranged according to intensity, is
shown in Fig. 4. The transition energies and the
relative intensities from "C+"Zr at E„„=63
MeV are listed in the first two columns of Table
III. The angular distribution coefficients are
listed in the third and fourth columns of Table III
while the experimental correlation ratios R and
the linear polarization results are listed in the
fifth and seventh columns, respectively. An addi-
tional angular distribution experiment was per-
formed using "C+"Zr with E~,b = 56 MeV. The
results are listed in Table IV. T'he seven transi-
tions of the ground-state cascade are all stretched
E2 transitions. Therefore, this cascade (M= 2)
connects a set of positive-parity even-spin levels
Up to J =14'.

The level at 3177.1 keV shown in Fig. 4 is fed
by y969 and y«, „andis depopulated by y„,,
and y988 ~ 6 The possible spins are J=7 or 8. A

spin of J= 6 is ruled out since, in that event,
y1 89 g would be a stretched quadrupole transition.

TABLE III. Transitions in Pd produced by 63 MeV C + Zr. The correlation ratio R is defined by Eq. (2) and M

is the number of coincident stretched E2 transitions used to determine R.

Transition
energy

(keV)
Relative
intens ity A2/Ap A4/A p

Linear
M polarization P Ass ignment

189.64 + 0.29
277.33+ 0.52
467.37+ 0.49
479.59+ 0.29
665.32 + 0.12
691.45+ 0.38
725.84+ 0.35
750.48 + 0.12
773.05+ 0.12
798.58+ 0.14
805.43 + 0.18
809.39+ 0.14
862.08+ 0.34
875.48+ 0.58
881.33+ 0.18
891.95+ 0.16
940.17+ 0.27
945.43+ 0.42
969.09+ 0.58
988.55+ 0 ~ 56

1035.87+ 0.21
1070.96+ 0.48
1089.09+ 0.28

+0 9'
+0 9'
~1 p8
+ 0.31
+ 2.1
+ 1.2
+17'

1.5
+ 1.9
+ 1.7

] 0 8

+ 1.1
+ 1.1'
+0.8'
~138
+11'
~p g8
+0 9
+ 0.31
+ 0.34
yp 98
~1 p8
+ 0.48

7.3
5.6
4.0
2.82

100.0
4.7

12.0
87.2
82.9
53.2
15.8
14.0
7.1
7.0

34.9
24.3
10.5
11.1
4.08
5.24

11.7
6.4

14.36

-0.32 +
0.269+

-0.108+
0.172+
0.269+
0.298 +
0.322+
0.312+
0.309+

0.09
0.005
0.020
0.017
0.012
0.007
0.009
0.007
0.025

0.10 + 0.12
-0.089+ 0.007
-0.003+ 0.029
—0.080+ 0.024
-0.083 + 0.018
-0.078 + 0.009
-0.119+0.012
-0.121+0.010
-0.160+ 0.035

0.309+
0.332+
0.279+
0.262 +
0.51 +
0.349+
0.253 +
0.15 +

-0.231+

0.018
0.019
0.019
0.015
0.16
0.025
0.055
0.09
0.025

—0.120+ 0.025
-0.088+ 0.027
-0.120+ 0.027
-0.115+ 0.012
-0.16 + 0.28
-0.095+ 0.035
-0.158+ 0.078
—0.19 + 0.13
-O.OO6+ O.O35

0.216+ 0.008 —0.010+ 0.012 1 Si"j'
0.75+ 0.24
2 g+2. P

~ -p. e

1.4 +0.8

1 8+p'4

1.24 + 0.35
1.13~ 0.08
0.97+ 0.06
0.90+ 0.06
0.93 + 0.12
1.01+0.10
] 7+ Pe 7

2.23 + 0.68
1.18+ 0.09
1.08+ 0.10
0.93+ 0.11
0.96+ 0.15
1.2 + 0.6
1.01+ 0.33
1.10+0.13
1.33 + 0.31
3.6'0 )

0.26 + 0.10"
0.369+ 0.037
0.480+ 0.038
0.454 + 0.061
0.42 + 0.07 ~

0.37 +0.12

0.54 + 0.05
0.48 + 0.09 b

0.34 + 0.11b
0.53 +0 13b

-0.33 + 0.37
0.70 + 0.18
0.49 + 0.20
0.42 +0.20

4
4
6
7 -0.75 + 0.25

0.526+ 0.035
6
2
1
2
3
5
6
3
3
4
5
7
6

3
8
9
2

8 8+

(10+) 10+

(. 5452.1 keV level)
(-14')
2+ 0+

(-12')
7 5
4+ 2+
6+ 4+
S+ -6+
10 8
12 10
(9 )~7
(19)-1S-
10+-8+
12+ 10+
14 12
14+ 12+
(1o+)-8
s -6+
16 14
18 16
5 ~4+

' This transition is unresolved from other transitions. The intensity is deduced from coincident data.
"This value may be perturbed by unresolved transitions.
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TABLE IV. Transitions in Pd produced by 56 MeV ~ C ++Zr. The intensities have been
corrected for the Ge{Li) detector efficiency and the A~/Ap and A4/Ap values have been slight-
ly corrected for the finite solid angle of the detector.

Transition
energy |keV)

189.64
277.33
467.37
479.59
665.32
691.45
725.84
750.48
V 73.05
798.58
805.43
809.39
862.08
875.48
881.33
891.95
940.17
945.43
969.09
988.55

1035.87
1070.96
1089.09

Relative
intensity

&17
6.38+ 0.35

&17
3.68 + 0.32

100.0 + 1.7
5.6V+ 0.62

&20
&99

71.5 +1.0
50.7 +1.1
6.6b

12.36+ 0.41
11c

&28
41.8 +1.8'
20.7 d

3.8 +0.8
9.5 + 1.5
4.70+ 0.23
5.25 ~ 0.21
8.03+ 0.35

&4

14.55+ 0.36

A2/Ap

0.306+ 0.022 &

0.41 + 0.06
0.20 +Q.09&
0.03 +0.09
0.277+ 0.013

-0.08 + 0.08
0.234 + 0.028 0

0.290+ 0.010
0.317+0.013
0.307+ 0.012
0.30V+ 0.026 &

0.336+ 0.041
0.191+0.029 &

0.090+ 0.023 &

0.288+ 0.018 &

0.358+ 0.017&

0.289+ 0.047
0.34 + 0.06
0.46 + 0.08
0.33 + 0.06
0.29 +0.07

-0.274+ 0.039

A4/Ap

-0.005+ 0.032 ~

-0.10 + 0.09
-0.13 + 0.13&
-0.09 + 0.13
-0.062 + 0.018

0.08 +0.12
-0.025+ 0.041 &

-0.068+ 0.015
-0.078+ 0.018
-0.062+ 0.017
-0.039+ 0.038 &

-0.064+ 0.060
-0.104+ 0.043 &

0.000+ 0.035 &

-0.116+0.026 &

-0.102+ 0.025 ~

-0.150+ 0.069
-0.11 + 0.09
-0.15 + 0.12
-0.03 + 0.09
-0.02 + 0.10

0.019+0.058

Corrected for 10% contribution from a Pd transition.
Corrected for 31% contribution from a +Pd transition.

o Corrected for 50% contribution from a Rh transition.
Corrected for 15% contribution from 9 Rh and 10% from Pd transitions.
Corrected for 7% contribution from a Pd transition.
Corrected for 4% contribution from a Pd transition.

& This value may be perturbed by unresolved transitions.

This would be in disagreement both with the A, /A,
value of -0.010~ 0.012 shown in Table III for y (89 ~ 6

(A,/A, would be = -0.12 for a stretched quadrupole)
and with the correlation ratio value of R = 1.61'p 35

(R = 1 for a stretched quadrupole). We have per-
formed lifetime measurements utilizing a pulsed
"C beam and find that yysg 6 is produced promptly.
This observation rules out an appreciable octu-
pole admixture for y,»,. Therefore, J=9 is also
ruled out for the 31VV. 1 keV level. A J= V assign-
ment is also not allowed since, in that event,
y», , would be expected to have a non-negative
value for A j'A, for all values of the quadrupole-di-
pole mixing ratio, while the experimental value is
A, /A, = -0.095+ 0.035 as listed in Table III. The
only remaining possibility J'= 8 is in agreement
with the angular distribution data and with the
correlation ratio listed in Table III for yg~,
(stretched quadrupole) and for y„,, (~5I &0.1).
The linear polarization measurement listed in
Table III for yg«, of I' = -0.33 + 0.37 indicates that
this transition is M2. Therefore, J =8 is the

most probable assignment for the 3177.i-keV
level in ' Pd. The linear polarization of yy89
could not be determined because of the presence
of (at least) three overlapping peaks from transi-
tions in other nuclides.

The levels at V839.0, 6768.0, 5732.1, 4791.9,
3982.5, and 3177.1 keV shown in Fig. 4 are con-
nected by stretched E2 transitions. These as-
signments are in agreement with the data listed
in Tables III and IV for the transitions y«5 „

y,~ 4, y,4, „y,»5 „andy„»p. We have placed
y„»9 above y„,, in the '"Pd level scheme even
though the former transition appears to be slightly
more intense as can be seen from Table III. This
switch is suggested by the sequence of increasing
transition energies and is not ruled out by the
errors in the intensities listed in Table III. On
the other hand, Table IV suggests that yyp35 g is
about twice as intense as y,4, , However, it is
difficult to extract a precise intensity for y94p 2

from singles data due to the existence of other
transitions overlapping in energy as may be seen
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in Fig. 3. We mention one possibility that comes
to mind, namely that the 5732.1 keV level in '"Pd
is depopulated by at least one hitherto undis-
covered transition in addition to y„,, The ana-

log of this occurs for the 4318.0 keV level in '"Pd
as has been discussed above. In this event, y,Q35 ~ 9

might be observed more intensely than y,4, , even

though the ordering in fact is as shown in Fig. 4.
These levels, therefore, form an even-spin odd-

parity sequence: J = 8 , 10 , 12 , 14 , 16,
and 18 . An 875.5 keV y ray is observed in coin-
cidence with all five of the transitions in "'Pd
which belong to this even-spin odd-parity cascade.
This suggests the existence of an 8714.5 keV level
in '"Pd. The angular distribution coefficients for
this transition are severely perturbed by other
overlapping transitions. The correlation ratio
measurement R = 2.23+ 0.68 suggests that y875 ~ 5 is
not a stretched quadrupole transition. Therefore
the spin of the 8714.5 keV level could only be
J=17, 18, or 19. A spin of 17 is improbable since
a transition to the J"=16 level at 6768.0 keV is
not observed. We suggest a spin of 19 for the
8714.5-keV level as the most probable choice.

The level at 2504.9 keV is depopulated by the
1089.1 keV transition to the J"= 4' member of the

ground state cascade. The 2504.9-keV level can
only have J"= 5 or 3, as follows from the data
for y„»,in Tables III and IV. However, no tran-
sition from the 2504.9-keV level to the J'= 2'
level is observed. This suggests J'= 5 and not

3 for the 2504.9-keV level. 'The levels at 4092.8
and 3230.7 keV are depopulated by y„,, and y„,„
respectively. Both of the transitions are probably
stretched E2 transitions, although the data for
both transitions are perturbed by other unresolved
transitions. The most likely spin-parity assign-
ment for the 3230.7-keV level is J"= 7 . With

less confidence, we propose J"= (9 ) for the
4092.8-keV level.

The level at 4146.1 keV shown in Fig. 4 is de-
populated both by 7277.3 to the J'= 10' member of
the ground state band and by y277 3 to the level with
J"=8 at 3177.1 keV. Hence, this level can only

have a spin of J=8, 9, or 10. However, the data
for both transitions are obscured by other over-
lapping y-ray peaks. Therefore, we can only
suggest J"= (10') for the 4146.1 keV level in "'Pd,
with J'=8' or 8 also being possible.

There are three remaining transitions shown in
the '"Pd level scheme which we have not yet dis-
cussed: y69, 4 y466 Q and y479 ~ 6 These are weak
transitions which can definitely be assigned to
'"Pd on the basis of y-y coincidence data. How-

ever, the determination of the level of the ground
state band at which these transitions feed is only
tentative. We have dashed the levels in Fig. 4

whose existence is tentative. This completes the
discussion of the analysis of the data for the ob-
served transitions in '"Pd and '"Pd.

DISCUSSION

We now describe several methods of calculating
the observed energy levels and branching ratios.
Iachello, Feshbach, and Arima have proposed
that nuclei which are not too near closed shells
and do not have too large a deformation might be
described" "as a boson gas. Such a description
would lend insight concerning the collective states
in '"Pd and '"Pd. However, one expects that at
least some states of these nuclei are more easily
described as shell model states, for example,
two quasineutron states. The first problem is that
we do not know which of the states are collective—
that is, they cannot be accurately described as the
motion of only four or fewer quasiparticles —and

which are not.
To start, we suppose that the excited states of

'"Pd and "'Pd are collective levels composed of
several quadrupole and octupole bosons. The bo-
sons are allowed to interact (in a way that does
not change the number of bosons), otherwise,
the vibrational limit would emerge with the J'=4'
state at twice the excitation energy of the 2' state.
Iachello and Arima3Q have worked out the energy
values for those positive parity states composed
by coupling only quadrupole bosons

E(n, v, n~, L, M) = e,N+ N(N 1)+ P(N -—v)(N+-v + 3)

+y[L(L+1) —6NJ, N= 0, 1, 2, . . . ,

(4)

where e, is the energy of a quadrupole boson, N
is the boson number, v is the seniority, n& counts
boson triplets coupled to zero angular momentum,
L is the angular momentum, and I is its com-
ponent along an axis. They label the ground state
band the "P' band for which v= N, n&= 0, and
L = 2N for N= 0, 1, 2, . . . , and the energies are

C22
Er(L= 2N) = 8(4e, —3C,")L+ ' L(L+1),

L= 0, 2, 4, . . . , (5)

where we shall consider e, and C4" to be adjus-
table parameters. Notice that the angular momen-
tum dependence of Eq. (5) is the same as that
proposed several years ago by Ejiri." Equation
(5) can be rewritten as

E„(L=2N) = e,N+ C,",N= 0, 1, 2, . . . ,
„N(N-1)

(6)
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from which it is clear that C4" is responsible for
the deviations of the energies of the calculated
ground state band from those of a harmonic vibra-
tor. There are many other boson states besides
the "~' band which can be formed from quadru-
pole bosons, but we shall not need them here.
Negative parity states can be formed, "for ex-
ample, by coupling one octupole boson to one or
more quadrupole bosons. We shall utilize the
"totally aligned" band whose energies are

E(J= 2N+ 3) = Er(L = 2N)+ e~+ NC, ', N= 0, 1, 2, . . . ,

where Er(L=2N) is given by Eq. (5). We shall
consider &, and C", to be adjustable parameters.
The remaining band" we shall utilize is the "to-
tally aligned minus one" band with energies given
by

E(J= 2N+2)=E„(L=2N)+ c,+NC", + 5(2N+ 3)n,",

minus one" band while the yrast J'= 7 and 9
levels would be members of the "totally aligned"
band. The magnitudes of the IBA ratios shown in
the third column of Table V are generally smaller
than experiment although the trend is correct. The
J = 7 - 8' transition in '»Pd (10VV.1 keV) is con-
spicuously absent both in Fig. 2 and Table V, un-
less this is the weak 1076.0 keV transition listed
in Table I but not placed in the ' 'M level scheme.
The intensity of this 1076.0 keV transition is such
that the number (0.20+ 0.03) & 10 'b ' would have
been entered in the ninth column of Table V for
N= 2 (instead of &0.4). The corresponding O'= 7- 6' transition is also not seen in '~Bi, whereas
it is found to be robust" in '~M and '"Pd.

It is interesting to compare the IBA description
of these levels to the description given by the two-
parameter variable moment of inertia (VMI)
model. "The VMI energies for states of spin J
belonging to the same band are given by

1, 2p ~ ~ ~ (8) Ei= ~C(8i —8 )+, 8=0, 2, 4, . . . ,
J(J+ I)

where &4' is an additional adjustable parameter.
In Fig. 2 and Fig. 4, we display the fits to the

J'= 2' and 4' members of the ground-state cas-
cascades of '"Pd and '"Pd which result from Eq.
(5). In both cases, the IBA levels are at a higher
energy than experiment. We could greatly reduce
the deviation, of course, by fitting Eq. (5) to all
of the ground-state-cascade levels up to J= 14',
but we have chosen not to in order to display the
predictions of IBA for the higher-spin states. A
second method we have tried is to fit simultan-
eously, for each nuclide, Eq. (5) to the ground
state cascade and Eqs. (V) and (8) to the observed
yrast negative parity states. The results are com-
pared with experiment in Fig. 7 for both '"Pd and
'"Pd. Now the IBA levels for the ground state
cascades yield better fits than the ones displayed
in Fig. 2 and Fig. 4. The IBA levels in Fig. 7 are
five-parameter fits to 16 experimental levels in
'"Pd or to 20 levels in '"Pd. The overall corres-
pondence is encouraging.

The IBA can also be used" to calculate branch-
ing ratios which can be tested for '"Pd and its
isotone (Ref. 54) '"Ru as well as for '»'"'Pd.
These are summarized in Table V. To calculate
the experimental 8(E2) value for y„,, (1'= 8-7, '"Pd), we use the experimental value 5
=+1.5 x 0.5 for the M1-E2 mixing ratio and for
y»o, (J'=10 —9, ' Pd), we use 5=+0.14+0.09.
For ' Hu, we deduce from previous data'~ a mix-
ing ratio of &=+1.5+0.8 for y,», P'=8 —V ), and
we find two possibilities for y», , 0'=10 -9 ):
either & =+0.34+ 0.16 or & =+6.2~ 3.5. To obtain
the IBA predictions, we interpret the 4'= 8 and
10 levels as being members of the "totally aligned

with the equilibrium constant sE~/s8~ = 0 fixing the
moment of inertia 8 for each level. In Figs. 2 and
4, we display the VMI predictions for the ground
state bands of '"Pd and '"Pd, respectively. These
levels are fits just to the yrast 4"= 2' and 4' levels
as was done for the IBA fits. The VMI model does
much better than the IBA model for '~Pd but only
about the same as the IBA model for '"Pd. Of
course, both the VMI model and the IBA model
can be fit to all seven ground state band levels
giving much improved fits for each nuclide. The
resulting fits are comparable to each other and to
(the appropriate part of) the IBA fits already
shown in Fig. 7.

We mention here the results of a recent calculation
by Hsu et al."of the energies of states of the even- Pd
nuclides from 4 = 102 to 4 = 114. That calculation
utilizes a collective model which includes rota-
tions and vibrations of a deformed nucleus. Al-
though the larger number (=5) of parameters used
by Hsu et al. makes it difficult to compare their
results in detail with either VMI or IBA, we men-
tion that they find" that ' Pd and ' Pd are "sof-
ter" towards permanent deformation than any of
the heavier even-Pd nuclides, in agreement with
the VMI model. "

A third description of these levels comes from
the deformed shell model. For this, we attempt
to describe the yrast states of '"Pd and '"Pd as
two valence quasineutrons in Nilsson orbitals plus
an inert slightly deformed core."" We further
suppose that the effect of adding angular momen-
tum to the axially symmetric nucleus may be des-
cribed by the Coriolis force —as has been done
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many times in the literature. We shall, more-
over, include an elastic-energy term

as was done for the VMI model" and as was also
recently done" by Smith and Rickey for a calcula-
tion of level energies in the odd-A nuclides"'"""'Pd. We shall consider C as a parameter
to be adjusted for each nuclide in order to repro-
duce the experimental level energies. Therefore,
we take as a Hamiltonian, "

neutron spin, K is the projection of J on the nu-
clear symmetry axis, 8 is the nuclear moment of
inertia, A is an attenuation factor, and f(U, V) is
a pairing factor. Each valence neutron Hamil-
tonian is

(13)

where &~ is the energy of the Nilsson orbital with
respect to the neutron Fermi surface A. and 2& is
the neutron pairing gap. The neutron pairing fac-
tor is taken as

H=Hz+H„-+ [J(J+1)+j'—2']+ ~C(8 —80)',

where III is the Hamiltonian of the valence neu-
trons in the absence of rotation, H~ is the "Cor-
iolis" operator given by

Ho= A(Jj +Jj,)f(U, V),

where J is the nuclear spin, j is the total valence

f(U V)
U, U, +V, V, 2 qp —2 qp,

U~V~ —V1U2 0 qp —2 qp,

where the upper expression is used for the force
between one 2-quasiparticle state and another 2-
quasiparticle state while the lower expression is
used for the force between the 0-quasiparticle
state and any 2-quasiparticle state. We allow the
nucleus to have P, and P, deformations. "
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FIG. 7. A comparison of experimental excitation energies of levels in Pd and Pd with five-parameter fits of
~A model. For Pd, the values of the fitted parameters are (in keV) a~=643, C =61.4, &3=1560, C = +166,

and &4 = -522. For Pd, the fitted parameters are (in keV) &2=612, C4 =90.5, F3=2020, Cs = -120, and h~ = -99.0.
The rms deviation for the 20 calculated levels in Pd is 61 keV while for the 16 levels in +Pd it is 63 keV.
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2C8~ = J(J+1)+(j ) —2' (16)

to calculate the moment of inertia 8~ to use in
Eq. (11}.

Our procedure is to calculate first the positive
and negative parity states for the neighboring odd-
mass nuclides "'"'"'Pd. The odd-A nuclides
are used to determine suitable values for the var-
ious parameters such as for the ¹lsson model.
These parameters are then used without further
change to calculate the even-A level energies.
Since we are primarily interested here in the
even-A nuclides, this method treats these nu-
clides with a minimum of parameter adjusting
while at the same time bringing into play the
largest body of empirical information. The re-
sults are presented in Figs. 8 and 9. The follow-
ing describes these calculations in more detail.

First, a Nilsson diagonalization is performed"
using the parameters p. =0.40, ~=0.074, e, =0.15,
and &, = 0.0 for the eleven neutron orbitals whose
spherical labels are h„&,(A= 2 2 p 2) g7/2(Q

? 2 2), or d, &,(& = 2 2 2}, The results are
insensitive to the value of p. used. The effect of
increasing K in this mass region is to lower the
negative parity quasineutron energies, given by
Eq. (13}, relative to the positive parity ones. We
have chosen ~= 0.074 which yields nearly the ex-
perimental excitation energy of 784.6 keV for the

state in '"Pd. We have adopted a value of
e, = 0.15 for the deformation" and have taken E,
= 0.0 merely because there appears to be insuffi-
cient data to estimate this hexadecapole constant.
'The effect of changing ~, on the relative energies
of the neutron orbitals is described by the familiar
Nilsson diagram while the effect of increasing
(decreasing) e, is to cause an increase (decrease)
in the density of orbitals near the Fermi level for
the neutrons.

One may wonder, at this point, whether the
moderate deformation &~=0.15 which we use is
too large. One difficulty, however, which has oc-
curred in a recent calculation of the energy levels
of ' " ' 'Pd by Evans and Harris who used a
smaller deformation (0.05 ~ P & 0.07) is that the

To determine the moments of inertia, which
serve as input values to the diagonalization of Eq.
(11), we adopt the recipe used by Smith and
Rickey. " We notice that the E4/&~ values for
both '"Pd and "'Pd are near the value 2.23 for
which the ground state moment of inertia @, van-
ishes according to the VMI model. " The VMI
equilibrium constraint in this limit becomes

2C8~'= J(J+1), J= 2, 4, 6, . . .

for the ground state band of an even nuclide.
Therefore, we shall use
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FIG. 8. Yrast positive parity level energies in Pd calculated according to the rotation align. ment model, as
discussed in the text, compared with experimental energies. Only the yrast level calculated for each spin is plotted
up to the largest spin shown except for Pd for which eight next-to-yrast states are also shown as is dictated by the
experimental evidence. The values of the elastic constant C used are (in units of 10 keV ) 99Pd(16), Pd(19), and

Pd (18).

ground state spin of "'Pd is predicted to be J"=-",

while the observed value is &'. The latter value
occurs naturally, however, in the present cal-
culations.

A related approach of de Takacsy and Das Gup-
ta, treats the spectra of ' ' 'Pd by mea, ns of
an axially symmetric deformed Hartree-Pock po-
tential with pairing followed by a band-mixing
calculation. Their main interest is in the odd-A
Pd nuclides although they use moments of inertia
and quadrupole moments deduced from the neigh-
boring even-4 Pd nuclides as input to the calcula-
tion. In this respect, their approach is the re-
verse of ours, in which we calculate the odd-A
spectra merely for the purpose of fixing the
parameters in preparation for computation of the
even-A spectra. They find that the level ordering
and the wave functions for "'"'"'Pd are neither
the weak-coupling nor the strong-coupling ex-
tremes.

Having performed the Nilsson diagonalization
for the eleven valence neutron orbitals, we can
now estimate the expectation value (j ) for each
quasineutron state by

&i & /~i* iU+ &), ='

I03pd
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FIG. 9. Yrast negative parity level energies in ~Pd
and 3 Pd calculated according to the rotation alignment
model, as discussed in the text, compared with experi-
mental energies. The elastic constant C used for each
nuclide is the same as for Fig. 8. Only the yrast level
calculated for each spin is plotted up to the largest
spina shown.
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where the C,& result from the diagonalization, and
in each 3-quasineutron state by

(j ) =Be 2Q,Q, + 2Q,Q, +2Q,Q, , (18)

-&(~+-'}(-)""&lh+/-4)
= -&(~+ l)(-)"' ' g (-)""(i+—.')C ' (19)

Now we can evaluate the energy of each basis
state by Eq. (11), including the decoupling term
for K= —,

' states, and also compute the Coriolis
transition matrix elements by using Eq. (12}. We
have used the attenuation factor A= 0.75 for 0-
and 1-quasineutron states and the factor 2 = (0.72)'
= 0.56 for the 2- and 3-quasineutron states. Sev-
eral values of the attenuation factor are reported
in the literature. For example, Stephens and
Simon" used A= 0.70 while Smith and Rickey"
used A= 0.80. We have also included A in the
diagonal decoupling term given by Eg. (19). At
this point, it is clear that we should expect to ob-
tain different values for the nuclear moment of
inertia than Smith and Rickey did" since we in-
clude the 3-quasineutron states while they did not.

The Coriolis diagonalization may now be per-
formed for the odd-A Pd nuclides. The results
are presented in Fig. 8 for the positive parity
states and in Fig. 9 for the negative parity states.
For each nuclide, we compare the calculated
level energies with the empirical energies. The
values of the elastic constant C used are (in units
of 10' keV'): "Pd(16) "'Pd(19), and "'Pd(18).
For "Pd, there are six excited positive parity
states known ' '~ from y-ray work and two addi-
tional states observed" from the "Ru("0,"0)"Pd
reaction at 70 MeV which are expected to be posi-
tive parity states. There are not any negative
parity states known in 99pd. Of the many calcu-
lated levels, we have shown only the positive
parity yrast level for each spin up to J=~ for
"Pd in Fig. 8. For "'Pd, several positive and
negative parity states have been found"'" from
p-ray studies of high-spin states. Several addi-
tional levels below 1.3 MeV in "'Pd have been
found" from Z rays following the "'Rh(P, 3s) reac-
tion with Eh,b = 25-35 MeV. However, the spins

where 8 is the sum of three terms each of which
is given by Eq. (17) evaluated for one of the three
occupied orbitals, and the appropriate signs for
the remaining three terms involving the projec-
tions of the three single particle angular momenta
onto the nuclear symmetry axis must be used. For
a given value of the elastic constant C, we may
now compute the moment of inertia 8 for each 1-
quasineutron basis state or 3-quasineutron basis
state by using Eq. (16}with the Coriolis decoup-
ling term included if K= —,',

and parities of these levels are still under inves-
tigation. Therefore, we have omitted these levels
from Fig. 8. For "'Pd, we display the calculated
yrast levels up to J=—", in Fig. 8 and up to J=—",

in Fig. 9. An apparent defect of the calculations
is that the yrast J'=~' state in '~Pd in Fig. 8
occurs at too low an excitation energy. This
decrease in transition energies for the lowest
members of a quasiparticle band is a well-
known problem. For example, this problem has
been discussed recently for the light barium
isotropes" as well as for '~Pd." For '~Pd, sev-
eral positive parity states below 1.3 MeV have
been populated ~ by the ' Rh(g, ny)'~pd reaction,
by the decay~ "of '~Ag, by the '~Pd(d, t)'~Pd
reaction, " and by the '~Pd(d, P}'~Pd reaction. ~
Each of these states is displayed in Fig. 8 for
"'Pd if its spin and parity have been determined.
In addition, we have displayed five high-spin
states which have been inferred"" from the
"Zr("C, 3sg'"'Pd reaction but whose exact ener-
gies and spins are uncertain. However, these
five states do appear to have positive parity from
a consideration of the z-ray angular distribution
and linear polarization data. In Fig. 9, we have
presented the seven high spin negative parity
states which have been established ' in M.
For '~M we have displayed in Fig. 8 the calcu-
lated positive parity levels up to J= I' as well as the
two next-to-yrast J"= —,

"calculated levels and the
next-to-yrast calculated J'=-", and, ' states. For
"'Pd, we have also presented in Fig. 9 the cal-
culated negative parity yrast levels up to a spin
Gf J= 35

The overall correspondence of the calculated
and experimental levels presented in Figs. 8 and
9 for the light odd-A Pd nuclei seems to be not
bad. In particular, we can reproduce the relative
depression of the J'=~' and ~' states in "'Pd as
shown in Fig. 8. Our primary interest here,
however, is to calculate the 2-quasineutron spec-
tra for "'Pd and "'Pd in a similar manner using
the same values for the Nilsson model as are
used for the odd-A Pd nuclides. The values used
for the elastic constant C (in units of 10' keV')
are 11 for "'Pd and 14 for "'Pd, and the result-
ing calculated levels are compared with the ex-
perimental ones in Figs. 10 and 11 for the posi-
tive and negative parity states, respectively. For
both parities, we have only plotted the calculated
yrast levels up to the highest spins shown. In
addition, for the states in '"Pd, we have pre-
sented the next-to-yrast J"=2', 4', 6', 8', 10',
and 12' states in Fig. 10 and the next-to-yrast J"
=7 and 9 states in Fig. 11. There are several
low-lying positive parity states in "'Pd which are
not expected to be reproduced by this 2-quasineu-
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FIG. 10. Yrast positive parity level energies in ~+Pd
and Pd calculated according to the rotation alignment
model, as discussed in the text, compared with experi-
mental energies. The values of the elastic constant C
used are (in units of 10 keV ) Pd(11) and Pd(14).
On. ly the calculated yrast state for each spin is shown
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FIG. 11. Yrast negative parity energies in Pd and
Pd calculated according to the rotation alignment

model, as discussed in the text, compared with experi-
mental energies. The elastic constant C used for each
nuclide is the same as for Fig. 10. For Pd, only
the calculated yrast level is shown for each spin while
for Pd, we displaythe next-to-yrast J=7, 9 states in

addition to the yrast ones as is dictated by experiment.

tron calculation. Foremost among these are the
second J'= 2' and 0' states which presumably
belong to the 2-phonon triplet of states arising in
the vibrational model. From the calculations,
however, there are not any excited J'=0' states,
and the next-to-lowest calculated J'= 2' state is
at 3.6 MeV in excitation.

The positive parity calculations suggest that a
2-quasineutron band crosses below the 0-quasi-
neutron band at the J'= 14' state in "'Pd and at
the J'=16' state in "'Pd. In more detail, the
calculate/ wave function for the J'= l2' yrast
state in '"Pd is 62% 0-quasineutron (and 38% 2-
quasineutron) while the J' = 14' state is 7% 0-
quasineutron (and 98% 2-quasineutron). For '"Pd,
the calculated 0-quasineutron parts are 14' (92%},
16' (49%), and 18' (4%).

It is interesting to compare the empirical even-
spin positive-parity yrast-level energies in"'"""' 'Pd. For this purpose, we display in
Fig. 12 the familiar plot of the moment of inertia
~ for a state of spin Jvs the square of the angular
velocity ~ of a rigid rotor, both of which are in-
ferred from the transition energies &E(J-J —2)
by the relations

28 &(&+ 1) —(J —2)(J—1) 4J—2
&E ~E

and

2

[Z(v+1}]'~'-[(Z-2)(S-1})"

(20}

One notices immediately from Fig. 12(a) that the
ground state bands of '"Pd and "'Pd exhibit a
backbending while those of "'Pd and '"Pd do not.
We have displayed in Fig. 12(b) the plots which
result from the yrast 2-quasineutron calculations.
Although a detailed comparison with the experi-
mental plots in Fig. 12(a) does not show a spec-
tacular resemblance, the calculations do repro-
duce the result that the backbend occurs at a
lower spin in '"'"'Pd than for '"'"'Pd. This re-
sult does not depend on the exact values of the
VMI spring constant C used but rather reflects
the larger number of neutron Nilsson orbitals
near the Fermi level for ' "'Pd than for ' "'"Pd,
thus lowering the energy of the 2-quasineutron
spectrum for the former nuclides and encouraging
an earlier band crossing with the 0-quasineutron
band. We could, of course, adjust one or more
parameters to improve the correspondence of
Fig. 12(b) to Fig. 12(a) [for example, the value of
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A in Eqs. (12) and (19) for the 2-quasineutron
states], but we shall not do so here.

These quasiparticle calculations are satisfying
in that they allow one to discuss the relation of
the observed nuclear states to the motion of spec-
ific nucleons in a simple and quantitative way.
The calculations reported here, however, have
ignored the contribution of the valence protons
to the observed spectra The effect of the pro-
tons is reflected in a bulk manner, however, in
the values of the constants ~, p. , &, and & which
are used as input. We argue, as has been done
recently by Cline and Flaum" for '~Pd, that it
is in fact reasonable to consider only valence
neutrons when calculating the properties of yrast
states of these light-Pd nuclides since the corres-
ponding 2-quasiproton states lie at a higher ex-
citation energy for each spin. On the other hand,
one expects that the valence protons contribute
in an important way to at least some of the yrast
states, and it would be interesting and worth-
while to calculate this contribution.

A comparison of the ground state band energies
in all of the even-even Pd nuclei with the predic-
tions of the VMI model (solid lines) and IBA
(dashed lines) is shown in Fig. 13. The figure
presents log„R~vs R, [the lowest curve (short
dashes) indicates R, on the logarithmic scale,
with arrows pointing to the mass numbers of the
even-even Pd nuclei]. It is seen that R, increases
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B(E2,0'- 2') = 0.46+ 0.03e'b'. (22)

Expressed in terms of the single-proton Weiss-
kopf estimate, "this is 33 Weisskopf units (W. u. ).
By comparison, the corresponding observed value
for '"Er, which is a good rotor, is 210 W. u. while
for "'Sn, a singly magic nuclide, the value is 12

with increasing neutron number. In order to
guide the eye, the experimental points are con-
nected by dotted curves. It is found that the R,
and R, values for A ~ 102 agree very well with
the VMI predictions. The points for '"Pd are
somewhat depressed, while those for "Pd, whose
R, (1.186) value" lies slightly below the limit of
validity (1.82) of the VMI curves, are in reason-
able agreement with the extrapolated VMI curves
except for the J"=14' level. The overall agree-
ment with the IBA curves is seen to be not as
good. The considerably better fit for J"=6' and
8' states achieved by VMI was first pointed out
by Das et al." For J~ 10, only the values for
"'Pd agree well with VMI (but not with IBA),
whereas the R~ values for "'Pd are increasingly
depressed. We tentatively attribute this depres-
sion to a strong four g, &, proton hole-four d, &,
neutron overlap (similar to the situation in ',",Te„,
where two d, &, protons appear to couple with two

h»&, neutron holes). The R~ values for J ~ 10
become increasingly depressed as N increases
above N= 56 neutrons. This behavior, which is
equivalent to "backbending" above J = 8, may be
ascribed to rotation aligned decoupling as dis-
cussed above. It is noteworthy that the IBA curves
tend to cross each other below R, = 2, i.e. , the
order of the predicted states in the band is re-
versed —a phenomenon which contradicts observa-
tion.

The plot shown in Fig. 13 has certain advantages
over the conventional 8 vs co' plots —quite apart
from our particular objective, namely testing the
VMI model at low R, values —in that it (1) permits
a comparison of R~ values of a large number of
nuclei at one glance, and (2) presents absolute
energy ratios, which are more easily interpreted
than are intervals between two subsequent states.

We note that two recent measurements have
been made of the electromagnetic moments of the
lowest J"=2' state in '"Pd. Utilizing the inelas-
tic excitation of '"Pd by 8-MeV protons, Lange
et al."have measured the reduced electric quad-
rupole transition probability

W.u. The g factor of the lowest J'=2' state in
"'Pd has also recently been determined" to be
0.41+ 0.04 which is near the value of Z/A = 0.45.
Neither the B(E2) nor the g factor have been mea-
sured yet for the lowest J"= 2' state of '"Pd.
There have been two recent studies of the
"4Pd(P, t)"'Pd reaction" '" with E„b= 21-22 MeV.
Bruzzone et al."have located four new states
from 1.9 to 2.4 MeV in excitation energy which
correspond to states deduced from a study of the
"'Pd(P, P'y) reaction" with E„b=8 MeV. How-
ever, further work is required in order to make
definitive spin assignments.

We note that the lifetime of the 1592.5-keV
= 0' state of '"Pd has been recently measured. "

Finally, the decay of '"Ag to states of "'Pd has
been studied. " The energies of the J'= 2' and 4'
levels are in agreement with the present study,
and in addition several new levels of low spin are
reported.

To sum up, we have reported extensive new
data for "'Pd and "'Pd. We have reported the
first measurement of the z-ray linear polariza-
tions for "'Pd and '"Pd and have proposed the
existence of high-spin states of ' 'Pd. Several
of the previous spin-parity assignments of '"Pd
have either been confirmed or called into ques-
tion. The "bands" of states have been satisfac-
torily described by a calculation involving only a
pair of neutrons decoupled from an axially sym-
metric core. Moreover, the transition from back-
bending in '"'"'Pd to the absence of backbending
(at least for J ~18) in "'"'Pd can be understood
as being related to a decrease in the density of
neutron orbitals close to the Fermi level.

The energies of ground state bands in the even
Pd nuclei are fitted extremely well by the VMI
model for J=6 and 8, and moderately well up to
J=12, respectively, 14 for "Pd and '"Pd, whereas
the ground state band in '"Pd is found to exhibit
the same features as the bands established in other
isobars of doubly magic nuclei ("pseudomagic nu-
clei") [see Ref. 2(b)], namely a downward devia-
tion of energy spacings from the VMI predictions
already above J=4.
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