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Primary and secondary y rays following thermal and p-wave resonant (2.96 eV) neutron capture on
' 'Pd were measured to study y-ray transitions in ' Pd. Average resonance capture spectra at 2 and 24 keV
were also recorded and the ' Pd(n, yce) reaction was studied and transition multipolarities were deduced. A
detailed level scheme up to -1400 keV has been constructed. Numerous spin assignments have been

revised, leading to substantial changes in the (d,p) and (d, t) spectroscopic factors, in particular for the g7/2

orbit. The data on primary transition intensities for the 2.96 eV resonance are compared with the valence
neutron capture model. The level scheme deduced for '~Pd sheds new light on the previously proposed g7/2-

h l l /2 anomaly in the filling of these orbits, suggesting that, at least in ' Pd, the appearance of the anomaly
was largely due to spin misassignments. The revised systematics in the occupation of shell model orbits for
a number of nuclei in this mass region is reviewed. Within the level scheme is a group of low-spin negative-

parity levels which belong to the same family as the high-spin, decoupled, unique-parity states known in
other odd mass Pd isotopes. These states correspond to the favored and unfavored anti-aligned levels for
core rotations R & 6. Calculations in the framework of the particle-rotor model cannot reproduce these level

energies.

NUCLEAR REACTIONS Pd (n, y), E=thermal, 2.96 eV, 2 keV, 24 keV;
measured E„, I„, I~ (8); +Pd (n, yce) Pd deduced J, x of 2.96 eV resonance,
levels, transitions, multipolarities, J, n. Ge(Li) detectors, three crystal
spectrometer, curved crystal spectrometers, conversion electron spectro-

meter, enriched targets.
NUCLEAR STRUCTURE 9Pd revised (d,p), (d, t) spectroscopic factors, neg-

ative-parity anti-aligned favored and unfavored levels, particle-rotor model.

I. INTRODUCTION

An anomaly' ' in the filling of certain neutron
orbits in the mass region A = 100-120 has per-
sisted for a number of years. On the basis of
summed (d, P) spectroscopic factors, the g,&,
orbit for A-100, Z-46 nuclei appeared to be
nearly empty and the presumably higher lying

h„&, orbit appeared to be nearly full. This g, &,—

h„/, anomaly is in contrast to the more predict-
able behavior of the isotonic and heavier Sn nu-
clei. Table I summarizes the anomaly in terms
of the values for ZS(d, P) quoted in Ref. 3. Al-
though the anomaly has been discussed" both in
terms of a breakdown in the basic assumptions of
distorted-wave Born approximation (DWBA) strip-
ping theory and of the existence of deformed states
in these isotopes, it has never satisfactorily been
explained and remains an impediment to a proper
understanding of this mass region.

The Pd nuclei play a crucial role in assessing
the validity of this g, /2 &gg/2 anomaly. The origi-
nal (d, P) experiments" were performed at 12
MeV on Pd, Cd, In, and Sn nuclei. At 17 MeV,
however, the anomaly essentially disappears' for
Cd and persists only in the odd-odd nucleus "In
and in ' "~Pd. Furthermore, in the latter nu-
clei, the sngular distributions for some of the
states assigned as -'' do not display consistent

2
l =4 character.

The odd mass Pd isotopes are also of consider-
able interest because of the existence of a group
of negative'parity states based on the unique-
parity hing/g orbit. A set of high-spin negative-
parity levels, described as the favored, aligned
yrast levels forming a decoupled band' arising
from the coupling of the k,g/2 orbit to a slightly
deformed prolate core, has been identified~ in
the lighter odd mass Pd isotopes. Three high-
spin unfavored levels were also disclosed. ' ' A
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10?Pd 10$Pd "'Sn iiss

TABLE I. The g?/2-hf f /2 anomaly-

Summed (d, p) spectroscopic factors~

'"Sn

III then discusses the implication of the level
scheme for the filling of shell model orbits in the
region and the consequences of the observed low-
lying unique-parity levels for rotation-aligned
models.

0.86
0.29

0.76
0.28

0.31
0.88

0.16
0.83

0.16
0.70

~ Quoted in Ref. 3. Note that larger values of ZS(d, p)
imply emptier orbits.

prediction of both the decoupled band model and of
the weak coupling picture is that not only high-
spin, but low-spin negative-parity levels should
occur. These should be. the favored or unfavored,
anti-aligned couplings of the schematic form bye/2

S(-R). Only a handful "of such anti-aligned
states has yet been identified, and never the com-
plete set.

The (n, &) reaction provides, by virtue of its in-
herent nonselectivity, an appropriate spectroscop-
ic tool for locating these low-spin unique-parity
levels and for independently assigning spin values
to the positive-parity levels in order to shed light
on the apparent g7/2 Ayy/2 anomaly. We have,
therefore, carried out a variety of (n, z} experi-
ments, with both thermal and epithermal neu-

trons, and have measured both primary and
secondary y rays in ' Pd. Some of the results,
namely the (n, y)- (d, p) correlations and the —,

'
assignment for the 2.96 eV resonance, were brief-
ly reported earlier, "and the implications of the
level scheme study for the g, /, -kyy/2 anoDlaly and
the negative-parity states have been summarized. '
Prior to the inception of the work, only the iso-
meric (189 keV) transition in '"Pd was known. "
During the course of these studies, an unpublished
work by Franz" has become available and, re-
cently, two other P-decay studies" have been re-
ported. Most of the present y-ray placements
agree with those of these studies, although in
some cases the higher energy precision of the
present work rules out proposed placements of
Refs. 16 and 17. Our level scheme contains, in
addition, many more transitions as well as transi-
tion multipolarities and additional information on

level spins from the primary transition angular
distributions. The principal results stem from
the revision of a number of spin-parity assign-
ments, which, in Refs. 16 and 17, were simply
adopted from the previous" charged particle
data.

Section II describes the experimental procedures
and tabulates the results including the new spec-
troscopic factor s resulting from the revised spin
assignments. A brief discussion of the valence
neutron capture model is also included. Section

II. EXPERIMENT

A. Experimental techniques and results

Several independent (n, y) experiments on ' 'Pd
were performed at the Institute Laue Langevin
(ILL) and at Brookhaven National Laboratory
(BNL).

TABLE II. Anisotropy of & rays from a p3/2 resonance
for zero target spin. (See Ref. 19.)

Transition

3~1
2 2

3 ~ 3
2 2

3~5
2 2

w(e)

1
(2 + 3 s jn28)

(7 —3 sin 8)
1 ~ 2

(6 + sin 0)
3

~ . 2

I.(90 )
I„(135.)

1.43

0.73

1.08

1. Experiments at BNL for thermal md 2.96 e V

neutron energies

These experiments were carried out in external
neutron beams provided by the Brookhaven Nation-
al Laboratory High Flux Beam Reactor (HFBR).
In all of these, the z rays were detected with
Ge(Li) detectors of various sizes. Typical resolu-
tions were 7 keV at E„=8 MeV. The Ge(Li) de-
tector calibrations were obtained with standard
sources and a precision pulser, and by use of
known contaminant lines from Al and Fe for the
higher energy transitions. The experiments con-
sisted of the following:

(a) Detection of both high energy (primary} and

low energy (secondary) y rays following thermal
neutron capture and capture in the 2.96 eV p-wave
resonance.

(b} For the p-wave resonance, the anisotropy of
the more intense primary transitions was mea-
sured at 90' and 135' to the beam direction.

(c) An off-resonance measurement of 2.0 eV
was performed to detect contaminant and back-
ground z rays.

The thermal neutron beam was provided by a
qua, rtz filter which eliminated pile y rays and fast
neutrons. The thermal flux on target was ap-
proximately 7 x 10'(n/cm')/sec. The HFBR neutron
monochromator facility' provided the resonance
energy neutrons via Bragg diffraction from a large
Be crystal. The target consisted of 5. 52 grams
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FIG. 1. Portion of a spectrum of high energy capture y rays from the Pd(n, y)' SPd reaction on the 2.96 eV re-
sonance in the compact geometry. A few of the peaks are labeled according to energy. The letters $ and D following
a photopeak energy denote single and double escape peaks, respectively.

enriched to 98. 11% in '"Pd and formed into a
rectangle approximately 2. 54 cm x 2.86 cm. The
target was normally mounted at %5 to the beam
direction but this was changed to -30' for the an-
gular distribution measurements in order to re-
duce differences in y-ray self-absorption for the
different detector angles.

To determine the neutron separation energy for
Pd, only accurately mea, sured primary transi-

tions to well-defined levels were used. From the
thermal neutron data a separation energy of
6153.7 +0.5 keV was deduced from 10 primary
transitions, and a value of 6154. 1+0.4 keV was
obtained from 15 resonance primary transitions.

Combining the two results gives a, neutron separa, -
tion energy of 6154.0 + 0.3 keV, in agreement with
the value 6151+8 keV tabulated in Ref. 19.

In these experiments, all but the weakest pri-
mary z rays are almost certa, inly dipole in char-
acter. Thus, in thermal capture (-,"capture
state), these transitions directly populate J= 2, —,

'
final states. In a, & resonance, as the 2.96 eV
resonance was determined to be, J= &, &, —,

' states
are populated by anisotropic dipole primary tran-
sitions whose intensity ratio I„(90'}/I„(135')is spin
dependent; Table II lists the ratios for ea.ch final
state spin. The ratio for a J=

& state is inter-
mediate between those for J=-,' and 2 states,
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FIG. 2. Portion of a spectrum of high energy thermal capture y rays from the Pd(n, y) Pd reaction. The nota-
tion on selected peaks follows the convention given in the caption to Fig. l.
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FIG. 3. Portion of a spectrum of low energy y rays following neutron capture on Pd in the 2.96 eV resonance.
A few reference y-ray energies are given above their respective peaks.

which themselves differ by a factor of almost 2.
In most cases where experimental uncertainties
in the ratios are relatively large, the J= —, assign-
ment will remain a possibility. However, the ob-

servation of a, strong primary transition to such a,

level in thermal capture would exclude this as-
signment.

Figures 1 and 2 show spectra of primary transi-
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FIG. 4. Portions of spectra recorded on the 2.96 eV resonance in the angular distribution geometry at angles of 90
and 135 to the incident beam direction. Typical energy labels are affixed to some peaks according to the notation des-
cribed in the caption to Fig. 1.
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tions for the 2.96 eV resonance and for thermal
energy, respectively, while Fig. 3 shows a por-
tion of the low energy z-ray spectrum following
resonance capture. Figure 4 is an example of
part of the primary spectrum recorded in the an-
gular distribution geometry.

To determine the absolute intensities of prima, ry

y rays, measurements of known decay z rays were
performed after the neutron irradiations. For the
'"Pd case, we considered the 309.1, 311.4, and
647. 3 keV decay y rays (&, &,

—13.46 h}, whose in-
tensities are 4.9, 31.9, and 34.4 gamma rays/
10' '~Pd decays. " For thermal capture, the ab-
solute intensity of the strongest primary z ray in

TABLE III. Primary y-ray transitions for the Pd(n, y) Pd reaction at E„=2.96 eV.

E„(keV) ~

61 54(4)
6040.5
5862.7
5827.2

5815.0
5720.3
5662.3
5612.6
5530 (3)
5508.0
5480.6
5362.6
53O7(4)
5242.7
5209.1
5199.7
5172.2
5100.0
5063.0

4884.2
4825.6
4795.5
4782.9
4754.8
4676.4
4613.7
4530.1
4506.2

~ex (ke»'

g.s.
113.4
291.2
326.7

338.9
433.6
491.6
541.3
624(2)
645.9
673,3
791.3
847{3)
911.2
944.9
954.3
981.8

1054.0
1091.0

1 269.8
1328.4
1358.5
1371.1
1399.1
1477.6
1 540,3
1623.9
1647.8

r c

Photons/1000
neutron

captures

0.6(2)
33.6
7.5 (8)
6.5 (7)

2.1(2)
4.7(5)
4 4(5)
1.7 {4)

12.8(13)
1.0(4)
4.7(6)

13.1(13)
1.3{6)

28.2(23)
16.1(16)
17.8(18)
29.5(28)
9.1(13)

15.7(13)

5.1(6)
4 4(5)
4.4 (13)
7.2(6)
o.6(2)
5.1(5)

12.1 {10)
9.1(10)
6.3(1O)

r„(9O }~
r„(135')

1.42+ 0.06
0.73+0.07
0.81 + 0.20

-0.08

0.80 + 0.15

0.87 + 0.09

1.04+ 0.07

1.08 + 0.04
0.77+ 0.06
1.19+0.08
1.09 + 0.06
0.99 + 0.20
1.00 +0.05

-0.09

0.43+0.25'

1.03+0.15

0.82 + 0.07

1
2
3
2
3 Sf212

3 5
202

5
2

2
1 5
2 12
5
2
5 (3)
5
2

~ The p-ray energy uncertainty is +1.5 keV unless otherwise specified. The larger uncer-
tainties {given in parentheses on the last digit) result from the overlapping of full energy
peaks of some transitions with escape peaks of others.

Level energy uncertainties are +0.5 keV unless otherwise specified. The excitation energy
scale assumes an energy of 113.4 keV for the state populated by the 6040.5 keV primary
transition.' Absolute intensities at 90' in the compact geometry. Uncertainties in parentheses on the
last digits are relative only. In addition, the absolute intensity scale {i.e. , intensity of the
6040.5 keV y ray) is accurate to +24'%.

d The quantity R gives the fully corrected ratio of primary intensities obtained from the runs
at 90' and 135' with the Ge(Li) counter more distant from the target.

~ The J values are those spin assignments that can be made from the angular distribution
results alone. See text for discussion and Table VIII for best J» values from all the data.

~There is a doublet at 325-326 keV. The measured primary energy suggests that the 326
keV level is populated on resonance but the impossibility of ruling out some contribution from
the other level precludes making a reliable distinction of spins from the data in this table.

~ This spin suggestion is tentative due to the large statistical uncertainties of the peaks
involved.
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'~Pd (E„=4794 0.keV) was determined to be 88. 3
+ 7.8 photons/1000 neutron captures, which is in
disagreement with a value of 30.0 photons/1000
neutron captures derived from measurements of
Rasmussen et al."based on thermal capture cross
sections of 6.1+0.4 and 8.3+0.6 b,"respective-
ly, for Pd and '"Pd,

To verify several weak E2 primary transitions
following thermal capture, a separate study of
primary transitions employing a three crystal
pair spectrometer" was performed on a Bi filtered
beam line. For this experiment a target of 7.7 g
enriched to 98. 11% in ' Pd was used. The ex-
perimental facility has been described elsewhere. "

Table GI summarizes the primary y-ray data for
the 2'. 96 eV resonance. It includes all primary
transitions observed, their absolute intensities,
the intensity ratio at 90' and 135' for the stronger
transitions, and the level spins deduced from the
angular anisotropy measurement alone. Table 97
presents the energies and absolute intensities of
primary transitions for thermal capture. Table V
presents the data for secondary transitions up to
1019.9 keV following both thermal and resonance
capture. The resonance intensities result from
the Ge(Li) measurements alone while secondary
y-ray energies and thermal capture intensities
result from a combination of Ge(Li) detector mea-
surements at BNL and the curved crystal spectro-
meter data from ILL discussed in the next section.
Average resonance capture experiments were also
performed at BNL but are more suitably discussed
later.

2. Experfments performed at the ILL

The study of low energy y rays in ' Pd with ex-
tremely high energy precision (typically 2-25 eV)
and resolution was performed with GAMS 1 and
GAMS2/3 curved crystal spectrometers which have
been described elsewhere. ' The target was an
in-. pile laminar sample of -70 mg of enriched ' Pd
situated inaf)uxof5. 5x10"(s/cm')/sec Thelow.
energy y rays emitted following neutron capture
pass out of the reactor along a transverse beam
tube and are diffracted by the curved crystals of
GAMS 1 and GAMS 2/3 which are located atopposite
ends of a through tube. The thinner GAMS 1 crys-
tal is suitable for the study of y rays up to %00
keV while GAMS 2/3 may be best used in the energy
range 200-1200 keV.

Corresponding portions of a GAMS 2 and a Ge(Li)
spectrum are contrasted in Fig. 5. (Note that
the energy dispersion and resolution in third
through fifth order reflections in GAMS are better
than those shown but the reflectivities are lower ).
The GAMS dna were energy calibrated internally

TABLE IV. Primary y-ray transitIons for the
Pd(n, y) ~Pd reaction at thermal energy. ~

E„(keV) E„(keV)

I„
Photons/1000

neutron captures

6152.9
5887.5
5828.6
5720.3
5661,9
5612.9
5480.3
5431.7
5211.8
5171.6
5OIa, 7
5041.8
5018.9
5006.1
4920.3
4909.5
4885.3(11)
4794.0
4775.7
4755.4
4674.1
4668.5
4616.5
4552.1

4538.0
4509.2
4469.9
4443.7

g.se
266,3
325.2
433.5
491.5
540.5
673.5
722.1
942.0
981.8

1054,1
1111.8
1134.9
1147.7
1233.5
1243.9
1268.1 (10)
1359.8
1378,1
1398,4
1479.7
1484,9
1537.3
1601.7
1615.8
1644.6
1683.5
1710,2

1.1(2)
7.5(14)

19.1(20)
21.2(20)
1.8(13)
0.9(4)

12,9(14)
11.7(14)
27.4(28)
3.0(12)
7.5(6)
2.5(11)
5.8(6)
6.4(6)

17,8(20)
4.3(15)
0.7(4) h

68.3
11.7(42)
15.7 (41)
6.6(15)
2.1(4)b

5.1(25)
6.0(15)
6,5(19)

10.9(41)
4.2(17)
7.5(28)

~ Alt. uncertainties are denoted in parentheses and
are on the last digit of tQe corresponding entry. For
y-ray energies, the uncertainties are +0.8 keV unless
otherwise specified. The excitation energy scale is ob-
tained by taking 673.5 keV as the energy of the statq fed
by the 5480.3 keV primary transition. Excitation ener-
gies are accurate to &.5 keV unless specified. The un-
certainties on Intensities are relative only; the absolute
Intensity scale (defined by the intensity of the 4794.0
keVy ray) is accurate to +12%.

~ Observed only in the thermal measurement with the
three crystal spectrometer; below sensitivity limit in
the other thermal measurement.

by demanding that a line have the same energy in
all orders of reflection in which it is observed.
Absolute energy calibration is performed by
reference to the 88.034 keV '~Ag line. "

Since the GAMS target is viewed end on by the
spectrometers, the self-absorption corrections
can be large. For this reason the adopted inten-
sities for the low energy y rays were obtained by
plotting the ratio of Ge(Li) intensities to those
measured by the GAMS spectrometers, and by
using the values for strong trgnsitions to define a
relative effective GAMS efficiency curve (including
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TABLE V. Lour energy secondary gamma rays for the reaction Pd(n, y) Pd.

S„(keV) &

I„(y's/1000 neutron captures)
Thermal 2.96 eV Assignment

94.450(1)
98.258(3)

106,694(3)
108.280(1)
113.401(2)
149.854 (3)
152,942 (1)
166.306(4)
170.561 (1)
178.034 (1)
187.115(4)
18S.990(1)
189.920 {3)
197.333(8)
200.153(4)
202.971(13)
207.697(3)
211.884(3)
213.806(4)
215.390 (2)
216.487 (9)
222.922(6)
224.vl v(v)
a28.194(4)
23o.4s3(a)
245.080 (2)
249.238 (11)
263.403(6)
264.378(11)
264.980(3)
266.346(3)
267.610(5)
av4. 328(v)
276.296(5)
288.480(5)
291.430(4)
ags. sgv {3)
298.197(5)
a99.l19{s)
31v.ass(6)
320.164(5)
321.082 (15)
32s.284(4)
326.868 (4)
332.050 (5)
333.964(3)
336.584{3)
33v.sa8(s)
339.528(4)
343.869(9)
346,622(6)
347.192(6)
355,694 (6)
357.148(9)
358.697 (10)
359.426(6)
365.295(7)
371.125(10)
377.004(13)

34.v(3s)
le.s(lv)
1.0(2)
4.9(e)

297(30)
1.O(1)

gs.a(9s)
2.2(4)
2.4(2)

va.o(va)
1.0{1)

16.5(17)
2.8(4)
0.6(1)

12.0{12)
0.3(1)
O.3(1)

33.6(34)
1.8(3)
e.v(v)
O.S(1)
0.6(1)
0.6(1)
0.7(1)
2.8(3)

154{15)
19.4(19)
2.0(4)
1.4(4)

13.4(13)
27.5(28)
2.2(4)
0.6(1)

32.6(33)
2. 2(3)

60.3(60)
1.4(3)

12.6(13)
1.9(3)
1.8(4)

27.8(28)
O.g(S)

122(12)
48.9(49)
3.2(6)

64.1(64)
21.0 (21)
1.2(3)

114(11)
1.9(4)
0.6(1)
1.8(3)
1.5(s)
0.6(1)
8.5(11)

68.7 (69)
0.6(3)
2.4(4)
1.8(3)

15.4(15)
21.8{22)

O.S(3)
2.1{3)

187(19)
1.8(2)

41,9(42)
1.9(4)
2.9(e)

61.1(61)
~ ~ ~

19,2(19)
2.6(4)
0.6(3)
9.8(10)
0.7(2)
0.7(2)

17,7(18)
1.4(2)
s.g(e)
o.3(a)
0.8(3)
~ ~ ~

1.7(2)
1.4(2)

82.7(83)
17.8(18)
o.e(4)
0.9(8)
5.6(6)

12.9(13)
~ ~ ~

o.v(2)
69,6(70)
1.3(3)

49.9(50)
0.8(2)

10.6(11)

1.1(3)
17.2(17)

~ ~

70.5(71)
40.5(41)
3.2(4)

24.6(as)
6.0(6)
0.9(5)

so.o(so)
1.s(3)

1,0 (2)

31.9(32)

0.8(2)
1.4(3)
0.6(3)

339—245
287 189)c

434 327
(434 —32S) '
113 0
426 276
266 113
492 325

291 —113
811 623
189 0
623 434
623 426
492 291

325 113
541 327
541 325

945—782
1359 1135

722 492
245 0
541 291

541 276
604 339
266 0
941 673
541 266
276 0
722 434
291 0
541 245
623 325

(604 287) c

434 113

325 0
327 0
623 291
673 339
941 604

339 0

673 327
623 276

623 266

604 245
791 426

811 434
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TABLE V. (Continged).

E„(keV) ~
(y's/1000 neutron captures)

Thermal 2.96 eV Assignment

378.191(5)
386.752 (40)
392.395(25)
395.171(17)
396.758 (11)
407.124(10)
414.342 (7)
416.738 (20)
418.298(7)
421.049(11)
426.135(4)
428.396(3)
433.552 (4)
436.185(11)
438.1 60 (12)
441.839(9)
452.524(1 6)
455.702 (5)
461.194 (7)
464.541(9)
466.511(10)
467.333(12)
485.311(7)
491.575 (10)
51 5.128(13)
520, 597 (10)
525.078(16)
52 6.411(21)
530.202(10)
539.345 (31)
540.697(10)
554.589 (44)
555.614(13)
566.672 (20)
579.896(30)
584.505(51)
585.908 (15)
601.575(6)
604.530(6)
608.672(9)
612.047 (12)
619.939(28)
620.441(16)
623.468 (16)
628.887 (18)
632.363(18)
634.907(23)
645.963(44)
649.650 (29)
653.504 (36)
654.892(16)
655.501 (16)
657.569(29)
660.1 28 (31)
670.089(58)
673.607(40)
674.725 (30)

24.3(24)
1.1(3)
0.4(1)
2.9(4)

10.2(10)
1.5(4)
6.0(6)
0.4(1)
1.8(3)
1.5(3)

11.7(12)
19.0(19)
58.9(59)
0.6(1)
1.4(3)
2.3(5)
0.8(1)
7.7(8)

13.1(13)
1.6(3)
2.2(5)
1.0(5)
5.1(6)
9.6(10)
5.7(8)
4.3(6)
1.4(3)
0.5(1)
2.6(4)
0.6(3)
3.1(7)
0.8(3)
1.8(3)
0.4(3)
0.8(3)
o.5(2)
1.5(3)

15.6(18)
5.5(7)
1.8(4)
2, 1 (4)
5.4(9)
5.2(8)
6.2(10)
2.7(4)
1.6(3)
2.9(5)
0.8 (3)
0.5(2)
0.8(3)
1.9(4)
3.1(5)
4.4(5)
0.6(3)
0.7(4)
1.0(3)
3.0(4)

17.7 (18)

~ ~ ~

1.8 (3)
5.1 (5)
1.6(3)
4.0(4)
1.4(3)
3.5(4)
3.2(3)

27.1 (27)
7.1(7)

32.4(32)
~ ~ ~

3.2(5)
~ ~ ~

4.2(4)
4 p(4)
2.5(4)

3.2 (4)

3.0(4)
7.0(7)
7.1 (7)
6.7(7)
2.6(6)
1.7 (6)
0.9(6)
1.7(15)
2, 6(14)

4.6(5)

~ ~ ~

1.3(3)

2.7 (4)

3.9(4)
2.6(4)
1.7(3)
1.2(3)

8.9(9)

5.0 (5)
3.0 (4)
1.1(3)
8.2(8)
1.4 (4)

5.5(6)

6.4(6)

1.3 (3)

492 113

722 ~ 327
722 325

426 0
673 —245
434 —0

722 —266
1135 673

791 —327

811—325
492 0
791 276
954 434
791 266

1135 604

541 0

982 426

911-327

941 339
604 0

(911 291) ~

623 0
954 325

941 291
945 291
982 327

(673 0) e

941 266
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TABLE V. {Continued).

E„(keV) ~
1„{y's/1000 neutron captures)

Thermal 2.96 eV Assignment

678.040(35)
678.673(41)
680.968 (33)
685.909(24)
690.300 (26)
695.949(32)
705.433(47)
711,400 (56)
713.389(20)
722.025(27)
726.740 (24)
7 54.908{22)
772.096(20)
787.314(34)
791.429(31)
793.570 (23)
799.265(51)
810.547 (13)
815.228 (24)
820.242 (25)
831.571 {15)
840.759(27)
846.328(13)
902.981 (38)
911.283 (24)
966.439(24)

1019.868(27)

1.6{3)
1.2 (3)
1.8(3)

22.8(23)
4.4(5)
2.2(3)
0.8{3)
1.3 (4)
3.8(5)

14.0 (14)
s.s(6)

26.7 (27)
4.4(6)
2.3(s)
3.s{s)
3.4(5)
5.1(6)

14,5(22)
3.6(8)
3.3(7)

11.7(18)
4.6(14)

11.1 (28)
3.4(s)
4.0 (7)
7.8(8)

12.5(13)

4.1(4)

2.O(3)
3.4(3)

1 5.3(15)
O.8(3)
2.5(4)

~ ~ ~

4.1(4)
6.8(7)
5.1 (6)
3.2(4)
1.3(3)
1.5(3)
4.8(5)
1.8(3)
4.1(4)
7.4(7)
2.8(3)
1.8(3)

18.2 (18)
5.7(6)

1 5.8(16)
~ ~ ~

14.4 (14)
1.9 (4)
1.7 (3)

791 —113
945 266

1359 673
982 291
941 —245
982 276

722 —0
1054 —327
1359—604

1054—266
791 0

(1233-434) '
(811-O)

945—113
954 —113

911 0
(1233 266) d

1359—339

~ All uncertainties are denoted in parentheses and are on the last digit(s) of the correspond-
ing entry. The observed gamma-ray energies are obtained from the curved-crystal spec-
trometer exper iments.

All uncertainties are denoted in parentheses and are on the last digit(s) of the correspond-
ing entry. The intensities are obtained from the Ge(Li) spectrometer experiments for both
neutron energies with the exception that several thermal intensities, in particular for very
weak or multiplet lines, are obtained by scaling the curved-crystal spectrometer data to the
Ge(Li) spectrometer data. There is an absolute intensity scale uncertainty of 15% for the
thermal data and 25'7& for the 2.96 eV data.' Placement is tentative since the 287 keV level is not definitely known to exist.

Placement is tentative. Ratio of thermal to resonance y-ray intensities is in poor agree-
ment with the average ratio for other y rays depopulating this state.' Placement is tentative. Energy combination is worse than 3@@ compared to the average
energy combination of other y rays depopulating this state.

automatically the self-absorption correction) and

by using this curve to normalize all GAMS intensi-
ties to the Ge(Li) intensity scale.

The other measurements performed at the ILL
consisted of the study of the (n, face) reaction with
the electron spectrometer BILL.' These data
are used, alone and in conjunction with the y-ray
data, to provide transition multipolarities for
nearly all strong transitions below 450 keV. The
BILL spectrometer detects electrons, emitted
from an in-pile target, in a multiwire gas counter.
The target consisted of an evaporated film of
thickness 150 pg/cm enriched in' Pd with di-
mensions 3 cm x 10 cm. Typical resolution was

AE/E =10~. In addition to a complete repetition of
the entire electron energy range, the regions
320-325 and 400-410 keV were scanned repeatedly
(35 times for the latter) in order to detect the
weak L1 electrons from the 325 keV transition and
to detect and resolve the E electrons for the tran-
sitions of 426, 428, and 433 keV. As a result, the
energy and intensity uncertainties for these elec-
tron transitions were considerably reduced. Three
small portions of an electron spectrum are shown
in Fig. 6.

The electron energies were calibrated with the
use of the accurately known GAMS energies by
using a least squares fit to selected strong lines.
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FIG. 5. Comparison of portions of a Ge(Li) spectrum (a) and a GAMS2 spectrum (b) in second order following ther-
mal capture. The shaded bar at the bottom of the Ge(Li) spectrum shows the y-ray energy region spanned by the
GAMS2 spectrum below it. Note that the GAMS dispersion (and therefore energy precision) is greater for higher or-
der of reflection.

The absolute intensity scale was established by
demanding that the 152.9 and 266. 3 keV transitions
from the 266. 3 keV (-,") level to the 113.4 keV (-,')
and 0 keV (-,') levels be pure Ml and E2, respec-
tively. This normalization is justified by a con-
sistent set of spin assignments for other levels,
and since it yields an E2 multipolarity for the
113-0 (2'- —', ') transition and an E3 multipolarity
for the known isomeric transition of 189 keV.

Table VI shows the results of these measure-
ments including, in the last column, the adopted
multipolarities. In many cases these mere deter-
mined from the ratios of electron to y-ray inten-
sities. In a number of others, however, the ratios
of conversion electron intensities from different
shells or subshells provide an independent deter-

mination. In particular, one notes the drastic
effects of a small E2 admixture on the L and M
subshell ratios. This sensitivity allowed the
small E2 admixture in the 94 keV transition to be
identified and shows, for example, that, to high
accuracy, the 113 keV transition is pure E2.

Nearly all transitions studied appear to be of
pure multipolarity', the only definite exception being
that of 94 keV. For two others (264 and 276 keV)
small admixtures of competing multipolarities are
tentatively suggested (with large errors), while
for others, such admixtures, though not supported
by positive evidence, cannot be rigorously ex-
cluded. For these cases the formally allowed pos-
sibilities are explicitly noted.

Vfhile these results will be discussed in detail



21 9Pd: DIFFICULTIES IN PARTICLE-ROTOR MODELS FOR. . .

6.5

u) 6.0
O

~ 5. 5

O
C3

5.0

LI L2 L3

I I 3.4'

M2
Ml M3N

108Pd (& e-) l09Pd

THERMAL

5. 5

'~~ J

I I I

50 I 00 I 50 200 2650 2700 2850

o 5.0
X

P- 4. 5

O

4.0

g)
CU

N
t0

(0 lA
FO ~ gj rn

I

il CUi'

~a~~~O—

3850 3900 3950 4000 4050 4IOO 4I50
CHANNEL NUMBER

FIG. 6. Portions of the electron spectrum for the re-
action Pd (n, yce) Pd. The peaks are labeled by ap-
proximate transition energy and by electron subshell.
The region shown near the 325.3 keV L1 transition was
repeatedly scanned in a separate measurement yielding
higher accuracy than one would infer from the figure.

below, we stress here the consequence of the E1
multipolarity deduced for the 245 keV ground state
transition, namely, that it establishes an entire
family of negative-parity levels. The E1 multi-
polarity results independently from both the K
and I- conversion electrons and stems from the
low conversion coefficients measured. Careful
inspection of the GAMS data in high order of re-
flection showed that this assignment cannot be due
to an unresolved z-ray doublet at 245 keV; any de-
tected second transition would have to be degen-
erate to within 20 eV. Furthermore, the parity
changing nature of the 245 keV transition is con-
firmed by the E1 assignment for the 339 keV
ground state transition and the parity nonchanging
M1+E2 transition between the 339 and 245 keV
levels.

3. Average capture expenments (BNL)

From the above data a level scheme was con-
structed (see Sec. II C) which included negative-
parity states at 189, 245, 287, 339, 604, 645,
673, 941, and probably 1359 keV. The spins were,
however, not uniquely determined. The high cur-
rent interest in unique-parity states provided the

incentive for more definitive spin assignments and,
to this end, we performed average resonance cap-
ture measurements at 2 and 24 keV. This tech-
nique, given sufficient averaging, enables one to
distinguish spin (and parity} values on the basis
of differences in the averaged intensity of E1 and
M1 primary transitions following s- and P-wave
capture. The technique has been described else-
where. The experimental apparatus at BNL
produces nonmonoenergetic [full width at half
maximum (FWHM} -900 eV] neutron beams of 2

and 24 keV by passing a neutron beam through fil-
ters composed primarily of Sc and "Fe, respec-
tively.

A target of 7.7 g enriched to 98. 11% in ' 'Pd
was used. It was approximately 2. 5 x 2. 5 cm in
size and oriented at 45' to the neutron beam. The
z rays following neutron capture were detected by
a three crystal pair spectrometer and calibrated
for both energy and intensity by using the accurate-
ly known values for the 'Cl(n, r)' Cl reaction.

Figure 7 shows the spectrum for 2 keV average
capture. Several background lines were observed
and have been identified. Spins are indicated for
those states whose spins were unambiguously
known from the earlier measurements. Table VII
is a tabulation of the average capture results.

One does not expect the averaged primary inten-
sities to be constant for a given final state spin
but to exhibit a smooth energy dependence of the
form E"„, where n = 5 is usually" used. In the
present application we are not concerned with this
question but only whether or not the intensities lie
in a relatively narrow band when plotted against
E„. (That band need not be horizontal. ) For con-
venience we tabulate the reduced intensities I„/E„';
it is these values that should be consulted to in-
spect the quality of the averaging.

From Table VII, it is apparent that states with
J= 2, & are populated at 2 keV with reduced inten-
sities of -6, that —", levels have populations in the
range 1.6-4. 1 and that -,'levels have intensities
of 1.3. The dom-inant routes (capture state,
primary tra, nsition multipolarity) for population of
final states with different J' values are —,', —,

' (P-
wave, E1 and s wave, Ml), —,', —,

' (s wave, El and

P wave, Ml), —,
' (P,&» El), —', (p, &„MI). Thus,

the ratio of —,
"to -', populations gives the averaged

intensity ratio for E1/Ml for which a value of -3
is deduced. From this and the approximately equal
populations for —,', 2 states regardless of parity,
one deduces that the reaction is averaging over ap-
proximately equal strengths due to s - and p-wave
resonances at 2 keV. From the +-30% fluctuations
in reduced intensities for 4= 2, 2 states, the aver-
aging must then include on the order of ten s- and

P -wave resonances. As a check, these results
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IN PARTICLE-ROTOR MODELS FOR. . .

then give approximately the correct ratio of —,
"to

2 population as wel l. Known level s that are
not observed most likely have J~ —, . (The pos-
sibility of -', cannot be rigorously excluded since
such states seem to be populated near the limit of
sensitivity and there is an insufficient number of
them known to verify precisely the degree of
averaging. ) Table VII gives the spin restrictions
directly implied by the average capture data.
When combined with the results of the other ex-
periments, the average capture data allows a sub-
stantial refinement of the adopted spin set. Note
also that the nonobservance of the 370, 382, 404,
742, and 960 keV levels, all but the last observed
very weakly in Refs. 1-3, implies either that they
do not exist or else have spins —,

' or & -', .

B. Spin of the 2.96 eV resonance

The spin and parity of the 2.96 eV resonance
were not known prior to the inception of this study.
The current experiment demonstrates that it is a
P„, resonance. This is clear from the fact that
the intensity ratios [I(90/I(135)t in Table III are
not all unity, and in particular by their strong
variation from transition to transition. The fact
that several previously assigned —", states are
populated by primary transitions provides addition-
al support.

C. Level scheme for 1 9Pd

Figure 8 shows the level scheme for '~Pd for
excitation energies below 1.36 MeV based upon
the present data. The construction of the level
scheme was based upon precise energy combina-
tions and by the requirement that the ratio of the
intensities of z rays depopulating each level ob-
served in thermal capture and in the 2.96 eV reso-
nance must be constant to within the intensity un-
certainties. Levels were introduced into the level
scheme only when defined by three or more pri-
mary and secondary transitions. (Exceptions to
this rule are the well known" —", isomer at 189
keV and the 287 and 1233 keV levels which are
discussed below. ) Figure 6 includes, as short
horizontal bars, a number of levels for which no
depopulation has been determined. These levels
are, however, populated by primary y rays in the
thermal and/or 2.96 eV resonance reactions as
indicated.

The curved crystal spectrometer efficiency falls
off rapidly with increasing z-ray energy so that
these data are primarily of use for E„&1 MeV.
Since the level scheme relies on precise Ritz
combinations, Ge(Li) data alone were not used
and, therefore, Table V terminates at E„-1020
keV. Owing to this restriction, the level scheme
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FIG. 7. A portion of the spectrum of double escape peaks for E„=2 keV average resonance capture. Peaks corres-
ponding to states with unambiguous spins based upon data from the other experiments are labeled. Background peaks
are denoted by BG.

may be incomplete above -1 MeV in that transitions
to the ground state region may not have been
placed. (An exception is the 1359 keV level for
which special attention has been given to such
transitions as will be discussed below. )

Spin and parity assignments are made on the
basis of the thermal and resonance primary y-ray
data, the resonance angular anisotropy measure-
ment, the (n, yce) data, and the average capture
data. Population by a primary transition restricts
the possible spin assignments for a level, since
such transitions have dipole multipolarity, except
for the weakest which may be E2. Thus, primary
population of a low-lying state in the —,

' resonance
implies a final state spin of —,', —,', —',, (-,') and in
thermal capture a spin of 2, —,', (-,")where the J'
values in parentheses are those allowed for E2
primary transitions. The population of some
states by strong primary transitions in both ther-
mal and resonance capture (with capture states of
opposite parity) demonstrates that M1 transitions
can be comparable to the strongest E1 primary
transitions in this mass region. Thus, parity
assignments cannot be made on the basis of pri-
mary transition intensities in the thermal or single
resonance capture experiments.

For all levels observed, Table VIII gives the
adopted level energies and J' assignments and
summarizes the earlier cha, rged particle transfer
work. In addition, and in lieu of a detailed de-
scription of each level, the table succinctly sum-
marizes the arguments for the J' values. A few
specific points are explicitly mentioned below
either where the level is particularly important
for later discussion, or the argument is complex,
or where ambiguities remain.

245.08I(2) keV; z (z ). From the E1 multipo-

larity of the 245 keV y ray, this level must be —,',
The average capture data exclude the &

choice and argue strongly a,gainst the -',
" choice

leaving & as the most likely spin. This negative-
parity assignment, which is in sharp disagreement
with the —,

'' value given in Refs. 1, 2, 16, and 17,
has considerable impact on both the resolution of

g7/2 ~gy /2 anomaly and on the identification of
negative-parity states. (See Sec. III.)

Owing to the importance of the negative-parity
assignment, we show the evidence for the E1 mul-
tipolarity assignment more explicitly in Fig. 6.
Shown there are the K conversion lines from the
245 keV E1 and 249 keV M1 transitions; the K con-
version coefficients are 0.010+0.001 and 0.027
+0.003, respectively. This difference of a factor
of almost 3 is just the difference in M1 and E1 K
conversion coefficients for Pd at 250 keV.

287.250(3) ke V; —. The existence of this level
is tentative as only two secondary y rays can be
placed to define it. The 317 keV y ray depopulates
the 604 keV level while the 98 keV M1 z ray popu-
lates the 189 keV level. The latter restricts the
possible spin assignments -', , —", , —", . However,
the transition from the 604 keV level (J'= —', , see
below) rules out —", or —", . Thus, if the state
exists, it is J'= —, . A possible third transition
to define this level is that depopulating the 645
keV level. This transition is plausible but not
shown in Fig. 8 since an insufficient number of
combinations involving the 645 keV level were
found to precisely determine the energy of that
level.

926.869(2) ke V; ~
. The multipolarity of the

326 keV z ray is E2, so the parity for this level
is positive and the transition from the 673 keV
level (J'= —,

'
) rules out -',

' for the 326 keV level.
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a
Eex
(ke V)

I&/E& (MeV 5)

E„=2 keV E,=24 keV

TABLE VII. Results of the average resonance capture
experiments.

a
Eex
(ke V)

TABLE VII. (Continued)

I /E '(MeV 5)

E„=2 keV E„=24 keV JTI' C

113.400

188.990

245.081

266.343

276.290

287.250

291.434

325.285

326.869

339.530

426.140

433.562

491.590

540.676

604.513

623.482

645.9

673.491

722.043

791.426

810.595

846.1

911.303

941.100
944.967

954.163

981.755

1053.628

1065.8

1091.0

1111.8

1134.696

1147.7

1232.795

1243.9

1269.5

1328.4

1347.7

4.1(4)

7.2{6)

«1.1(3)

10.2{7)

8.2(8)

4.8(s)

1.2(4)

«1.1(4) '
s.4(s)

v.1(v)

1.6(4)

1.3(4)

10.5(9)

4.8(6)

4.0(6)

4.1(7)

5.9(7)

2.3(s)

1.9(5)

S.5(18)
5.4(18)

9.3(9)

1.8(e)

8.0(10)

6.6(9)

3.s(v}

5.9(9)

7.8(10)

5.4(9)

4.2(9)

5.1(10)

3.3(8)

1.6(9)

«6.5(12)

0.1(1)

1.4(2)

0.2{2)

1.2(2)

1.6(2)

1.9(3)

o.2(1)

0.9(3)

0.4(2)

1.9(3)

0.4(2)

1.6(3)

0.3(2)

0.9(3)

1.0(2)

1.4(3)

0.8{3)

0.7(4)

0.9(3)

1.3(3)

0.7(3)

0.7(3)

1.5(4)

1.1(3)

1.6(4)

1.2(4)

0.8(4)

2.O(s)

—2.6(s)

1.9(5)

1.1(s)

1.2(6)

2.o(e)

2&2

«2i
2

2&2

and~ ~

212

2&2

~+
2

2

s5 ~eL
2 & 2

xx~+
2&2&2

&as+
2&2&2

both~ ~

~+
2

202

2&2

2&2&2

2 $2

$ a Ei.+

2

jl.2'

1359.413 19.4(19)

1371.1

1378.1

1399.0

7.4(13)

5.5(11)

1.3(s)

1.2(6)

0.8(6)

1.3(7)

2&2

)e5
2

2&2

' Excitation energies listed are those obtained by com-
bining all experimental data, not just that of the average
capture measurements. An excitation energy cutoff of
1.4 MeV was enforced as the sensitivity decreased ap-
preciably at approximately this energy.

Relative reduced intensities with errors in paren-
theses on the last digit. The reduced intensities employ
different arbitrary scales for the two neutron energies.
Direct comparison of entries can only be made within a
column, not between columns.' The J values listed are those deduced solely fromthe
average capture data. Unless explicitly noted the parity
of a state is not assigned, i.e., an entry of j.means 2

The following guide lines were employed in making spin
assignments: J"=2,2, I&/E& &4 at 2 keV and I&/E&
&1 at 24 keV; J~=2, 1.6&I&/E& &4 at 2 keV and 0.7
& Iy/E& & 2 at 24 keV; J"= 2, I&/E& & 1.5 at 2 ke V and

I&/E &0.5 at 24 keV. There are several instances in
whic| both requirements are not fulfilled, due to poor
statistics at E,=24 keV. For these cases assignments
were made based upon the reduced intensities at 2 keV.

Background peak known to exist at approximately the
same energy as the primary p ray. Only an upper limit
of the primary y-ray intensity can be obtained.

The 2 keV average capture intensity to the 325-326
keV doublet is insufficient for there to be two 2'
levels or a, &', —,

' ' pair, so the 326 keV level must
be —,'. This is consistent with the angular distri-
bution data for the 2.96 eV resonance. In Ref. 17,
an 81 keV transition was placed from this level to
the state at 245 keV. If this placement is correct
the multipolarity assigned to the transition in Ref.
1V cannot be correct. However, the implied E1
multipolarity is consistent with the uncertainties
(+86%%uo} on tt, cited in Ref. 17.

604.513(3) keV; — and 941.100(3) keV; ~ . The
spin arguments for these two levels are unam-
biguous but complex; we present them in detail.
The 604 keV level is defined by at least six secon-
dary transitions. Depopulation to the negative-
parity states at 245 and 339 keV by parity non-
changing transitions establishes negative parity.
The 941 keV level is populated by a strong primary
transition in thermal capture indicating that J= »

One of the six z rays depopulating the 941 keV
level is an M1 transition feeding the 604 keV level;
thus, the 941 keV state is also negative parity and
the 604 keV level must then have J'=2, &, or —', .
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FIG. 8. Level scheme for Pd. Relative intensities of secondary y rays are indicated by arrow thicknesses and are
specifically given in parentheses relative to a value of 100 for the 113 keV y ray. (Intensities are for y rays and do
n0t include correction for internal conversion. ) Excitation energies include nuclear recoil corrections. However, en-
ergies given above transition arrows are y-ray energies. Questionable placements of y rays are indicated by dashed
arrows. Short arrows at right indicate primary transitions as follows: open arrow —primary transition observed for
2.96 eV resonance, solid arrow —primary transition observed for thermal capture or for both thermal and resonance
capture Finally, Jg assignments which do not specifically show a parity mean that both positive and negative parities
are possible, e.g. , J'= 2 means J'=

2 . In addition to the levels shown, states at 1065.5+0.5 (2', 2 ) and 1347.7 +0.5
keV (2', ~", 2 '), though not populated by primary transitions in thermal or 2.S6 eV capture, are suggested by the av-
erage capture results.

Weak population of the latter in average capture
implies that J'= —, for the 604 keV level which is
also consistent with the M1 transition to the likely

245 keV state. Given the -,'nature of the 604
2

3keV level, the 941 keV state must then be —, as
would also be required if the 245 keV level is in
fact -', .

645.9(5) ke V; ~' (~ ). This level is populated by
a weak primary y ray in the 2.96 eV resonance
indicating that J= —,", —,", —,", -', . No secondary
transitions could be unambiguously placed. The
average capture results eliminate —,", —,", and —,

"
spins. The —, possibility is also unlikely since
both the -,'levels at 339 and 604 keV are seen in
average resonance capture.

673.491(3) keV; ~ . This state is defined by six
secondary transitions and by two primary transi-
tions. The strong thermal primary y ray indi-
cates a dipole transition and thus J= —,', —,'. The
level is depopulated by the 334 keV (Ml) and 428
keV (E2) 7 rays to the negative-parity states at
339 and 245 keV, respectively. Both establish

negative parity for the 6)3 keV level and the form-
er gives a unique —,

' assignment.
1053.628(20) ke V; ~ . This level is defined by

population by a primary y ray at both thermal and
2.96 eV neutron energies and by two secondary z
rays which depopulate it. The resonance angular
anisotropy measurement favors a spin assignment
of —,

' over —,'. However, the thermal primary in-
tensity is too strong to be E2, so that J= & would
be the more likely assignment. Since the aniso-
tropy is rather poorly defined, this assignment is
not inconsistent. It is also supported by the strong
population in average resonance capture.

1232.795(50) keV; —,
z . The two y rays which

depopulate the level of )99.265(51) and 966.439(24)
keV give good agreement in their energy combina-
tions. However, the intensity ratio for the 799
keV z ray is 1.2+ 0.3, while for the 966 keV y ray
it is 4.0+0.8. Clearly, one or both of these two
y rays does not depopulate this state. In the ab-
sence of a third z ray to establish the intensity
ratio for the level, both transitions are considered
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to be questionable placements in the level scheme.
Consequently, the uncertainty for the excitation
energy is taken to be the larger of the two y-ray
energy uncertainties. It is possible, however,
that neither placement is correct, in which case
an energy and uncertainty of 1233.5 +0.5 keV
come from the primary transition alone.

1359.413(14) ke V; ~',
~

. This level is populated
in the thermal reaction by the most intense primary
y ray, as well as in the 2.96 eV resonance.
Therefore, J' must be —,", —,

"
and is mostlikely tobe

negative parity. The y ray to the 339 keV level
(—', ) rules out s' for the 1359 keV state. The
418.298(7) keV )' ray could be placed between the
1359 and 941 keV levels, based upon energy com-
bination. However, the intensity ratio for this y

ray is 0.5, and such a placement is, therefore,
inconsistent with the population of this state.

Since the 1359 keV state is populated by the most
intense thermal primary transition and since it
decays predominantly to negative-parity states,
it is of interest to place limits on the possibility
of decay to other states below 339 keV (i.e., by y
rays beyond the energy cutoff of the curved crystal
data). Inspection of the Ge(L)) detector spectrum
for thermal capture for the energy range of 1.0
to 1.4 MeV revealed that there arepeaks at 1032.5,
1034.1, and 1114.3 keV which could be transitions
between the 1359 keV state and levels at 326, 325,
and 245 keV, respectively. (There is no evidence
of a, 1359.4 keV transition to the ground state. )
However, for each of these, the peak in the reso-
nance data is nearly the same intensity, thereby
ruling out an origin in the 1359 keV level whose
population in thermal capture is 7.8 times as large
as in the 2.96 eV resonance.

By virtue of the strong population by a thermal
capture primary transition, the 1359 keV level
leads to considerable population of a negetive-pari-
ty system of levels at lower energy. Since such a
strong primary intensity is statistically unlikely
such families are seldom observed, especially in
the complete fashion obtained here. These data
therefore provide an unusual but long sought for
opportunity to study the low-spin states of unique
parity that have the same parentage a,s the high-
spin yrast levels that are of high current interest.

D. Spectroscopic factors

Table VIII compares the present results with the
earlier (d, p) and (d, t) results. " The transfer
reactions, of course, are sensitive primarily to
the orbital angular momentum transfer and not to
the final state spin. However, from a shell model
dependent analysis of the ratios of (d, P) and (d, f)
spectroscopic factors, the authors of Refs. 1 and

TABLE IX. Spectroscopic factors for some levels in
109Pd g.

Eex Previous b

(keV) J» S(d,p) S(d, t) J"
Current

S(d,p) S(d, t)

245.1

426.1
i

433.6

0.44 2.3

F+ 020 40

,' (,' ) 0.08 -0.4
(0 20c (4 0

& 0.038 & 0.304

623.5

645.9

791.4

0.053 0.056 f' 0.095 0.162

0.12 0.46 p (p ) 0.02 -0.01

0.053 ~ ~ ~ r ' 0.031 0.179

(~') ". 0.179

810.6
f (+)

0.022 0.27 ( ( )

846.1 j' 0.062 0.10

0.022

0.038

0.036

0.13

0.35

0.08

945.0

1091.0

0.034

0.016

~ ~ ~ 0.079

-0.1

0.009 0.079

Entries are given for levels where the J value
assigned in earlier (d,p) or (d, t) work (Refs. 1 and 2)
are updated by the newly determined value(s). Where
the parity of a level is uncertain we have taken it as
positive for the purposes of this table and placed paren-
theses around the parity symbol.

Taken from Refs. 1 and 2. Note that both the 791.4
and 1091.0 keV levels are assigned there as ~~' from
(d, t) and j' from (d, e). We obtain J= $ for both levels,
and thus the (d, )I)) but not the (d, t) spectroscopic factors
are changed.' The upper limits quoted refer to the unresolved
question of whether one or both levels are populated
in the charged particle reactions. It seems probable
from the measured excitation energies, however, that
most of the cross section is to the 426 keV ~7' level in
which case the entries for that level can be read without
the ~ symbols.

2 interpreted their data to provide tentative J
values for many levels. Comparison of the two
sets of J' assignments shows a number of cases
of agreement, a number of cases where one of the
currently allowed values of J' agrees with the
earlier assignment, and several levels where
definite discrepancies exist. Most of the previous-
ly assigned J'= -',

' states are included in this last
category.

Table IX lists the previous spectroscopic factors
and those currently reevaluated for levels whose
J values are redefined in the present work. The
table does not include the 1243 keV level since too
many possibilities still exist. The new spectro-
scopic factors were obtained from the data of Refs.
1 and 2 combined with the currently revised J'
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values. One notes from Table IX that significant
changes in the S factors arise, particularly for the
previously assigned -',

' states. These changes oc-
cur because the DWBA cross sections decrease
rapidly as l and j grow' larger and, thus, the sa,me
experimental cross section generally represents
a larger spectroscopic factor if the state is a high-
er spin state than if it is assigned a lower spin.
Thus, one consequence of the new spin assign-
ments is the revision of the corresponding spec-
troscopic factors and, in effect, the consequent
removal of large amounts of g, /, spectroscopic
strength without significantly changing the spec-
troscopic strengths for other shell model orbits.
The effect of the revised spin assignments on the
degree of orbital filling is discussed in Sec. III.

E. Statistical behavior of primary transition intensities

It is interesting to use the more reliable set of
spin assignments now available for ' Pd to deter-
mine if the intensity distribution of primary y-ray
transitions may contain information on the neutron
capture mechanism itself.

For most nuclei the primary transition strengths
(partial radiative widths) follow a statistical dis-
tribution which ha, s been successfully interpreted
in terms of the hypothesis of the formation and
decay of a complex compound nuclear capture
state. However, in certain mass regions the cen-
troids of the 2p, Sp, and 3s shell model orbits lie
near the neutron binding energy; that is, the neu-
tron strength functions for these orbits attain their
maximum values. In these regions one may expect
the capture state to contain larger than statistically
expected components of the relevant single particle
state. Transitions to certain other low-lying
single particle states might then be expected to be
relatively enhanced, leading to deviations from a
purely statistical spectrum of primary z-ray in-
tensities. These qualitative ideas have received
formal expression in the valence neutron model. ""
which has had quantitative success"' "in pre-
dicting partial radiative E1 widths following neu-
tron capture in ~4Mg, MAr, 'OCr, ' Fe, ' Ni,' "Zr, and "~Mo, nuclei which in fact lie in the
above mentioned regions of strength function max-
ima.

For '~Pd the Sp strength function has decreased
by a factor of -2 from its maximum value of $1
= 7.0 x 10 a,ttained in Zr and Mo and, there-
fore, this nucleus provides an interesting test
ca.se for the model.

The discussion that follows uses the absolute
primary transition strengths given in Table III to
deduce partial radiative widths I'„,z for "Pd after
application of a, correction for the angular aniso-

tropy of the z rays. It also assumes that levels
not assigned negative parity are in fact positive
parity. Using the experimental angle-averaged
intensities (I«}, the partial radiative widths I'„&z

were extracted using the total radiative width I'„
for the 2.96 eV resonance given in BNL 325. ' If
we consider positive-parity low-lying levels of

Pd, these empirical widths refer to E1 multi-
polarity following p-wave ca,pture.

The I'„&& can be compared with the valence neu-
tron model (VN) predictions obtained from the ex-
pression (see Ref. 30, p. 327 and Ref. 33}

16m@'
(f „&f)vN 8& 8& e dru, ru~

9 0

l(jIJ& I I
Y"'I jI'&J&) I

X
2J]+ 1

where 0 is the photon wave number, 0,
' and 8&'

are initial and final state reduced widths, e is the
effective charge given by -eZ/A, and u, and u&

are the initial and final single pa, rticle radial wave
functions. In the geometrical factor, J& and J&
are the spins of the initial (-,) and final levels, I
is the spin of the core, which is zero for an even-
even target nucleus, and j and j' are the single
particle angular momenta which for I= 0 are equal
to J, and J&, respectively.

The essentia, l physics on the model is contained
in the reduced widths 8,' and 6}&', which depend on
the l and j of the shell model orbit, and which are
related to the single particle structure of the initial
and final states. Thus, 8&' —S(d,p) and, therefore,
the calculated (I'„&z)» are proportional to the (d, p)
spectroscopic factors and, therefore, to the mea-
sured (d, p) cross sections. One must note, how-
ever, that the valence model describes only one
amplitude in the radiative neutron capture mech-
anism. This component may be expected to domi-
nate (e.g. , over compound nuclear formation} only
for those low-lying states with large spectroscopic
factors. For other level. s one must expect the
correlation of the measured and valence model
widths to be masked by strong statistically varying
contributions to the total I'„&&.

The quantity 8,' is given by y„'/r, ~', where y„' is
the reduced neutron width of the capture state and
p»' is the singl. e particle reduced width. In Lynn's
prescription, '

y,~' is taken to be the value for a
square well potential. Since the two corrections
to this prescription pointed out by Lane and Mug-
hahghab" approximately cancel we have taken
Lynn's values" for both y,~' and for the radial in-
tegrals in accordance with continuing custom. "

The qualitative result of the calculations is that
the (I'„«)» for p, &,

—d, &, transitions are lower
by a factor of -10 compared to p3/2 sg/2 OI p3/2
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-d, &, transitions for states with the same S(d,p).
Thus, low-lying sy/2 levels with large spectro-
scopic factors should be populated by intense pri-
mary transitions while those to low-lying d3/Q
states are predicted to be much weaker.

A quantitative comparison of measured L',«and
those predicted by the model is given in Fig. 9.
As is evident, the model calculation for the do-
minant P3/2 sg/2 transition to the 113 keV level
is in agreement with the data, . The higher-lying
ds&2 and d»a states generally have smaller S(d,p)
values so that more complex reaction mechanisms
Mask any valence contribution and the comparison
provides little information. For the d, /, ground
state, the discrepancy apparent in Fig. 9 is strik-
ing and represents a clear disagreement with the
model although, admittedly, the S(d, p) value for
the ground state is only &.18. This is consider-
ably lower than in the lighter Zr and Mo isotopes,
where the valence neutron model is successful.

s/ 2+
I I I I (neiizzwzziziz~ I

2.5 2.0 I.5 I.O 0.5 O.5 I.O I.5 2.0 2.5
MEASURED I „;;(me Y) PREDICTED I'„;I (me Y)

FIG. 9. Comparison of the measured partial radiative
widths for the 2.96 eV resonance with those predicted
from empirical (d,p) spectroscopic factors according
to the formalism of the valence capture model. The
labels on the right denote the J» values used for each
state. The J~ values and spectroscopic factors used
are taken from the results of Befs. 1 and 2 except where
these have been corrected in the present work.

TABLE X. Pd: Summed spectroscopic factors.

ZSy(d, P) ZS~(d, t)
Orbit Previous ~ Current b Previous I' Current ~

0.52

0.86

0.46

0 87c

1.14

1.45

1.00

1 96c

strength from the 382, 404, 742, and 980 keV
levels now thought either not to exist or to have
J& 2 on the basis of their nonobservance in avef age
capture. As expected from the results and discus-
sion of Table 1X, the S(-,' ') entries are the most
significantly affected by the current results.

Table KI shows the systematics of the summed
spectroscopic factors for several nuclei in this
region, for the uniform excitation energy range
0-920 keV. The upper energy cutoff is deter-
mined by the limited (d, f) data" available for

Ru, In parentheses below some of the entries,
however, are the spectroscopic factor sums that
would be obtained for a fuller energy range where
this can be evaluated. Such entries are made only
when the extended sum differs by 15% or more
from the values tabulated for 0-920 keV.

The systematics evident in the table are reveal-
ing. Rather consistent numbers are obtained for
a given reaction for the s, /„ the combined d3/2,
d, &, orbitals, and for the h„» orbital. INote that
since both the d, /, and d, /, orbits are being ac-
tively filled in this region, the empirical distinc-
tion between the two spina, which relied in Ref.
1 and 2 not on the l transfer but on the ratio
S(d, t)/S(d, p), is more ambiguous than for other
orbits and it is, therefore, safest to consider the
combined S factor sums for both spine. ] For the
g, /, orbit, the current revised results for ' Pd
bring these quantities into reasonable consistency
with the data for ' "~Ru. Furthermore, the
ZS(d, p) value for 1™Pdis now much closer to that
for the neighboring Sn isotopes (see Table I), which

suggests that a major source of the apparent g7/Q
anomaly was misassigned spin values for the 245
and 646 keV levels.

A meaningful way to investigate further the ex-
perimental trends is in terms of the equivalent
number of neutrons in each orbit. This quantity
is related to the spectroscopic factors via

III. DISCUSSION

A. Filling of the g7/2 and A~i/2 orbits

7 +

0.24

0.76

0.30

&0.20

2.70

7.36

2.51

w4. 6

Table K presents the old and new spectroscopic
factors for the (d,p) and (d, t) reactions into '~Pd
summed over all states studied in Refs. 1 and 2.
The current values include the deletion of the l =0

~ Taken from data tables of Refs. 1 and 2.
~ Taken from Refs. 1 and the substitutions given in

Table IX.' The values listed assume no contribution from the
433.6 keV level and that the 810.6 keV level ia f '.
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TABLE XI. Summed spectroscopic factors and number of neutrons for different j-shells
for several A - 1.00 nuclei. E, = 0-920 keV. Numbers in parentheses are the spectroscopic
factor sums obtained for wider excitation energy ranges, as available; namely, up to 2.5 MeV
for ~ 9Pd, 1.3 MeV for Pd, and 1.9 MeV for the (d, p) entries for ~ ~Ru. These numbers
are a guide to the effect of truncating the energy range and are given only if they differ from
the principal entry by more than 151&. Values for N& are obtained using Eqs. 2 and 3.

Orbit
(d, p)

+Ru + 105Ru + i 07Pd b 109Pd & 103R b
(d, t)

107pd b 109pd t

N~

ZS d

0.51

0.98

O.63'
(o.vv)

6.3 '

0.57

0.86

0.64 ~

(0.80)
6.2'

0.51

0.98

0,76
(o.9o)
6.4 +

0.37
(o.46)
1.3
0.93 f

(1.17) '
5.v ~

0.78

0.78

3.63

3.63

0.63

0.63

3.43

3.43

0.59
(1.00)
0.59

3.5v '
(4.46) '
3.5V'

ZSy

Ny

0.42
4.64

0.23
6.16

0.71
2.32

(0.20
)6.4

2.83
2.83

4.60 &4.6
4.60 (4.6

ZN~

ZSJ
N)

0,27
8.8

11.9

0.28
8.6

13.1

0.29
8.5

9.7

0.28
8.6

)13.5

1.92
1.92

7.2

1.67
1.67

8.7

2.91
2,91

~ From Refs. 37 and 38. The excitation energies of Ref. 37 are in error because of a
missed ground state for Ru. Reference 38 also leads to slightly different $(d,p) values for
'"Ru

b From Refs. 1 and 2.' From Refs. 1 and 2 and present work.
The empirical distinction between spin assignments of ~' and &' is somewhat uncertain for

these two actively filling orbits. Thus, we prefer to tabulate the combined spectroscopic
sums for these orbits.' ZS(d, p) and N&(d, p) values for Ru are obtained assuming all l= 2 transitions popu-
late ~5' states. The N&(d, p) values will differ slightly if some of the l = 2 transitions populate
~' states due to slightly different ~~(~') and ~~{~') cross sections.

Assumes no contribution from the 433.6 keV level and that the 810.6 keV level is ~'.
I To calculate N&(d, p) the following values for ZS&(d, p) (E„920keV) for ~' and &' orbits

were used: ZS3i2(d, p) = 0.47 and 0.64, ZS&i2(d, p) = 0.29 and 0.29 for '' Pd, respectively.

N&(d, p)= (2j+1)[1 ZS&(d, p)]

a,nd

N, (d, t) = ZS, (d, t),
(2)

ZSi(d, t)= (2j+1)Vi

Substituting Eq. (2) into Eq. (2), one obtains the
expected result N& (d, P) = &&(d, t).

Formally this in incorrect, since ZS(d, p) is

where N& is the number of neutrons in the orbit
of spin j as determined from the (d, P) or (d, t)
reaction data. The +&'s deduced from Table X are
presented in Table XI. In order to relate N~(d, p}
to N&(d, t}, recall the definition of the S factors in
terms of the usual orbital occupation parameters
U2 and P~ ~

ZSi(d, p) = Ui ——1 —Vi

equal to U2 for the target nucleus of the (d, p)
reaction, of mass A —1, whereas, ZS(d, t) is re-
lated to V' for the (d, t) target of mass A+ 1.
However, away from closed shells, this is a minor
effect and one expects the equality in + values to
hold a,pproximately. Large empirical inequalities
are therefore physically interesting.

If

N) (d,p) )Ni(d, t)

it suggests that states of spin j have been missed
since Eqs. (2) and (2) show that as more spin j
states are found, &&(d,p}decreases and &&(d, t)
increases. Of course, small inequalities are ex-
pected since one always investigates a finite range
of excitation energies and there is the possibility
of missing weak transitions.

Conversely, if

Ni(d, p) (Ni(d, t),
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it suggests that some states have been incorrectly
assigned spin j.

Table XI shows that the &&(d,P) and && (d, t) val-
ues for j=-', are quite close to one another. For
the rather high-lying d, /2 orbit, it is certainly ex-
pected that not all the strength is identified and it
is, therefore, not surprising that N3&, (d, p)
+N, ), (d&P) )N, ),(d&t)+N, l, (d&t}. Furthermore,
note that, from Eq. (2), for ZS&(d&p) values near
unity the uncertainties in the corresponding N&(d»)
values can be large. Nevertheless, for either
(d, p) or (d, t) alone, the entries in Table XI vary
only slightly from one nucleus to another.

For the g, /, orbit, N, /, for '"Pd is ingoodagree-
ment with the values for Ru. More importantly,
N, im(d, P)»7&, (d, &) for ' 'Ru and ~o'Pd. These re-
sults suggest a consistent and smooth pattern of

g7 /2 orbit fi1ling in this mass region as wel 1 as the
not unexpected result that some g, &, strength re-
mains to be found at higher excitation energies.

However, the +,/, values for '"Pd are now
unique in that N7&2(d, P) is less than N, &2(d, t). As
shown above, this perhaps suggests a misassign-
ment in 'O'Pd; the most likely candidate is the 367
keV state whose previous —,

"assignment relies
partly on an I =4 (d, t) transition with uncharacter-
istic angular distribution. The removal of the —,

' '
assignment for the 367 keV level would change the
S(d,P) and S(d, t) entries for '"Pd in Table XI to
0.26 and 2. 78, respectively, bringing these num-
bers [and corresponding N, &, values) into consis
tency with the results for other neighboring nuclei
(see Tables X and XI)]. On the other hand, if the

2
-" assignments in ' Pd are correct, this nucleus
now would be the only one in this region" "(com-
p g '"""R """'"'"""Pd'"Cd"'"'"'"'" '"'"'Sn} that would have two strong-
ly populated low-lying —', ' states. The firm deter-
mination of level spins in '"Pd must now be con-
sidered a matter of renewed interest since frag-
mentation of the l = 4 strength would suggest that
new degrees of freedom, even at low excitation
energies, are important in this region.

The original g, /2 Ayy/2 anomaly had two facets,
the apparent emptiness of the g, /, orbit in the Pd
region compared to the Sn nuclei and the apparent-
ly greater occupation of the bye/2 than the g7/2
orbit. The above discussion largely resolves the
first point. The present data themselves shed no
new light on the second, or bye/2 part of the anom-
aly but the entries in Table XI do shed light. The
essential point is that throughout this region
N»&2(d») )'N&. g. (d&i}~

From the above discussion, this simply suggests
that —", levels with significant single particle am-
plitudes exist Bt higher excitation energies than
are probed by the existing (d, p} and (d, t) studies.

The identification of such states would reduce
N»&, (d») and increase N»1~(d, t). The fact that,
for each reaction alone, the current values for
+yy /2 are nearly constant for the nuclei of Table
XI implies a similarity in structure of the lowest-
lying —", state in each nucleus and perhaps a sim-
ilar pattern of higher energy —", fragmentation.
The calculations of Ref. 9 support the hypothesis
of higher-lying bye/2 strength in this region.

B. Negative- (unique-) parity states

The family of negative-parity levels between
189 and 1359 keV is of considerable importance.
These levels are low lying (all but one below I
MeV) and therefore cannot correspond to the cou-
pling of positive-parity single particle states with
negative parity (e.g. , 3 or 5 states) of the even-
even Pd core since the latter only occur above
-2 MeV. Similarly, they are too low in energy to
contain significant amplitudes for the negative-
parity single particle states from the N=82-126
shell. They must therefore be predominantly
unique-parity levels constructed by coupling an
Ayy /2 neutron to the low-lying positive -parity ex-
citations of the core. As such, they form an
isolated family, even though ikey have low spin
Furthermore, they are therefore related to the
high-spin unique-parity levels in the lighter Pd
isotopes which form the yrast sequences observed
in heavy-ion reactions, end which are intimately
related to the nature and interpretation of back-
bending in adjacent even-even nuclei.

In the Nilsson model with Coriolis mixing, for
the case of the Fermi surface near the low-K
unique-parity orbits, the structure of such se-
quences of states is that of a decoupled particle
combined with a core rotation whose angular mo-
mentum vector is generally parallel to that of the
odd particle. This alignment results directly from
the action of the Coriolis force and is therefore
strongest for moderately deformed nuclei where
the Coriolis coupling constant I'/2 8islarge. The
result is the development of an approximate cou-
pling scheme, called rotation aligned, in which
the rotational angular momentum (R) of the core
is an approximate constant of the motion. This
structure gives rise to rotational bands whose
successive members differ by two units in the core
rotation and whose spin sequence is therefore
&J= 2 with energy spacings approximating those of
the adjacent even-even core nucleus. Despite the
apparent success and general acceptance of these
ideas and their frequent use as a framework for
the interpretation of high-spin states, one would
like to have further tests of these concepts since
the existing ones invariably center on the high-
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spin states for which they were designed. As em-
phasized by Rekstad and coworkers, ' ' ' such a
test might fruitfully involve the low-spin, anti-
aligned levels with the same parentage as the
aligned high-spin states. As with the aligned
states the low-spin levels may be either favored or
unfavored. By favored is meant those levels of
the J= jSR coupling for which J=

~
j+R~, that is,

states with maximum parallelism or antiparallel-
ism of j and R. The unfavored levels are all the
other states of the j R system. Note that an un-
favored level of the same spin as a favored level
requires a higher core angular momentum and,
therefore, should occur at higher energy. Note
also that some low-spin levels will have R &j. A

test including these anti-aligned state is now pos-
sible with the negative-parity levels disclosed in' 'Pd. R is important to emphasize that these
levels occur on the same footing in the Nilsson
model as the high-spin levels. They have com-
parably high R values. For example, in the ex-
treme weak coupling or rotation aligned pictures,

both the 2 and —", favored levels have R= 6 and
the favored 2 and —", levels equally have R= 4.
Furthermore, being of unique Parity, the low-
spin states are just as isolated as the high-spin
yrast levels and, in fact, perhaps even more so
since in practice they lie somewhat lower in energy
than the high-spin levels with the same R values
and since there are fewer of them. For example,
there are only two 2 and one —,

' levels in the
unique-parity basis as compared with six ~ and
six —", states.

The sequences of aligned and anti-aligned levels
naturally fall into categories depending on the
degree of parallelism. Furthermore, as shown
by Lgvhgiden and Rekstad, "each family has a
roughly parabolic dependence of energy on spin.
Rekstad et a/. ' have introduced a useful format,
elegantly summarized in Ref. 46, for displaying
these states by plotting their energies vs a projec-
tion of total spin J on j instead of along R. This
yields the symmetric parabolas shown in Fig. 10
where each is labeled by an index n relating to the

5/2 7/2 9/2 I I/2 13/2 15/2
8

/2 /2 21/2 23/2 25/2 27
2

R=O
5/ 3/ I/ I/ 3/ 5/ 7/ 9/ I I/ 13/ 15/ 17/ 19/ 2 I/ 2 3/

( j -R+n) ( j+ R —n)

FIG. 10. States formed by an h&&/2 particle and a symmetric rotor core in the extreme weak coupling limit. All
states with the same core rotational angular momentum (R) are degenerate in energy. The abscissa is a projection of
the total angular momentum (J) onto the particle angular momentum (j ). Spins are explicitly noted at the intersection
of the straight line denoting the core rotational energy fnR(R+1)] and each of the parabolas. For an h&&/2 particle
there are six parabolas, each denoting a different degree of alignment between R and j (n = 0 corresponds to maxi-
mum al.ignment).
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FIG. 11. Negative-parity levels observed in Pd.
Relative y-ray intensities have been normalized so
that I24& —=100. The underlined J~ assignment for the
1359 keV state is the preferred value.

angle between R and j . [Figure 10 is constructed
via a weak coupling picture with R(R+ 1) core
spacings in the limit of no coupling between parti-
cle and core. More realistic situations are dis-
cussed below. ] The allowed states occur for inter-
sections of the parabolas at half-integer abscissa
values with the horizontal lines corresponding to
the energies of core rotations. For aligned states,
and for anti-aligned ones with R &j, the level spins
are given by the abscissa value. The spin sequence
along a parabola is &J= 2 except that, once on each
parabola, when R is antiparallel to j and changes
from &j to &j, there is a jump of ~J=1. Thus,
for anti-alignment and R &j the level spin is not
given by the abscissa value.

The unique-parity levels found in this study are
extracted from the full level scheme and sum-
marized in Fig. 11. In the context of the rotation
aligned scheme a,s outlined above, the —",first —,

'
first-,', and 2 levels form the LJ =2 (the & levelcor-
responds to the &J= 1 jump at R &j) favored anti-

aligned sequence (n= 0 parabola). The 9, first
—', , and second —, levels belong to the n= 1 para-
bola and the second —,

' and second —,
' levels are

from the third (n=2) parabola. The levels with
J~ -', form the complete set of low-spin states
expected for the odd particle in the h»&, orbit (ex-
cept for an expected high-lying -', level withR =8).
This is the first time that such a complete set of
anti-aligned levels has been observed. Note par-
ticularly that three of the levels, the —,', second
&, and second -', states have R&j, the first time
any such levels have been disclosed in medium or
heavy mass nuclei.

The fact that the full set of expected low-spin
levels is found is indeed satisfying, but at the
same time one immediately notes discrepancies
with the simple model outlined above and in Fig.
10. First, one expects enhanced E2 cascade
transitions along a, parabola (these correspond to
&R = 2 changes in core rotation) and Ml transitions
between states with &J=+1 and the same R value.
Transitions between parabolas which also change
the R value should be very weak, and changes in
R of more than two units should be forbidden for
E2 transitions. Some of the observed transitions
agree with these predictions, such as the 428 keV
E2 transition from the lowest —, level at 673 keV
to the —,

' state at 245 keV or the —,
' —2 M1 transi-

tions of 336 and 333 keV. However, transitions
such as the two &R= 4 (with change in n also)
transitions [941(-', ) -245(', ) keV and 604(-', }
—245(-,' ) keV] are surprising as is the strength
of the 1359(—,

'
) —604(—,') keV transition, which is

&n = 2 with no change in R, and the strength of
the 1359(-,' ) —' 339(-,' ) keV transitions with changes
in both R and degree of alignment. Furthermore,
it is immediately evident that the energy spacings
are seriously at variance with the simple predic-
tions of Fig. 10. For example, the three R=6
states (1359, 941, 604 keV} should have been de-
generate. Also, while the R = 6 to R = 4 core
spacing in '"Pd is 700 keV which is reasonably
close to the 1359-673 and 941-339 keV spacings,
the 604-339 keV distance is quite different. Fi-
nally, the R= 4 —R=2 spacings (673-245 keV and
339-287 keV) should have been equal. Clearly,
then though all the required states appear to be
present, their wave functions must be significantly
perturbed relative to the pure

~
JjR}wave functions

of Fig. 10.
In practice, of course, one is not limited to the

extreme situation in Fig. 10. As noted above, that
figure is effectively constructed from a weak
coupling picture with R(R+ 1) core spacings and in

the limit of no coupling, whereas practical cal-
culations of rotation-aligned-like spectra are
usually performed in the basis of the Nilsson mod-
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el with Coriolis coupling. Such Nilsson model
calculations, in fact, have already been success-
fully applied by Smith and Rickey to the high-spin
aligned hery/2 rotor states observed' ' in' 'Pd. The calculations employed the usual
Nilsson model with a deformation of 5= 0.12 and
a modified VMI" prescription to simulate nonrotor
anharmonicities in the core spacings. These
Coriolis calculations utilized a constant matrix
element attentuation factor of 0.'= 0.8. The ex-
cellent agreement obtained for "'Pd (the isotope
with the largest number of observed unique-parity
states) is reproduced in Fig. 12. It is seen from
Fig. 12 that parabola-like curves and, as given in
Ref. 9, rotation-aligned wave functions result from
a Nilsson model Coriolis calculation when the Fer-
mi surface is at the low-K orbitals of the unique-
parity shell model orbit. Inasmuch as the rotation
aligned approximation appears to work rather well
here, the discrepancies (noted above) with the
limiting version of it for the ' Pd levels are dis-
turbing. If these discrepancies persist in the re-
sults of detailed calculations, they would consti-
tute a significant difficulty since, as noted, the
low-spin levels in ' Pd occur on exactly the same
footing as the high-spin levels.

To pursue this question, we have performed
Nilsson model Coriolis coupling calculations,
patterned exactly after those of Ref. 9, for the
A j y /2 rotor system in '"Pd. A deformation
parameter 5 = 0. 15 was used and the Fermi surface

was placed at the & [541] orbital. (This Fermi
surface gave a calculated spectroscopic factor for
the —", state in agreement with the experimentally
observed value. } The basis states were the six
isolated h»&, Nilsson orbitals (v=0. 066 and p,

= 0.35). As in Ref. 9, a constant attentuation
factor (&= 0. 8) was applied to each Coriolis ma-
trix element. Calculated energies were nor-
malized to a value of 189 keV for the lowest-lying
state. The best results were obtained for the
modified VMI parameter C=2 x 10' keV'.

However, as already recognized in Ref. 9, the
variable moments of inertia used for the low-spin
states are not unambiguously defined. In Ref. 9
and in the present calculation, they were deduced
by extrapolation from those for the high-spin
levels. However, if indeed the variations in ef-
fective inertial parameters are due to the effects
of rotation, which are similar in low- and high-
spin unique-parity states, an alternate prescrip-
tion might be to use moments of inertia which
vary symmetrically for spins greater and less than

—", , that is, to take the inertial parameter as a
function of R rather than J. However, this is also
not completely realistic since it assumes a weak
coupling model characterized by pure R values.
In practice, several R values contribute to each
state, and a larger range of R values contributes
to a high-spin than to a low-spin level. Thus, for
example, even though

~
J ——", ~

= 4 for both the —,
'

and —', levels, R values of only 4 and 6 may con-
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FIG. 12. Comparison of experimental (solid symbols) and calculated (open symbols) excitation energies for " "epd.
For large differences the corresponding experimental and calculated points are connected with a vertical line. The
spin of a state is given by its abscissa except as explicitly labeled for anti-aligned states with R &j. Values for ' SPd

are from Ref. 9.
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tribute to the —, state (for this discussion we mo-
mentarily take the Nilsson wave functions as pure
—"states} while R = 4, 8, 8, 10, 12, and 14 may
contribute to the —", level resulting in a slightly
larger value for (R).

None of these prescriptions, of course, is for-
mally correct in that the variation of the inertial
parameter is derived from the final perturbed
states and applied to the unperturbed states, and
not derived from the structure of the initial un-
perturbed states entering the Coriolis calculations.
Therefore, perhaps the best prescription would be
one based on the actual distribution of R values in
the unperturbed Nilsson wave functions. (For a
more complete discussion of this approach and its
inherent pitfalls, see Ref. 9.}

In any case, these questions, while of interest,
ultimately have little impact on the qualitative
conclusions, since in any practical calculation the

adoption of a prescription for the inertial parame-
ters is followed by an attempt to fit the empirical
levels in which other parameters, in particular
the Coriolis attenuation factors, are varied.
Since the different inertial parameter prescrip-
tions correspond, in effect, to an approximate
scaling of one factor in the Coriolis coupling
strength for the low-spin states, one is effectively
forced to alter the attenuation factor to partly
compensate for different coupling constants. Thus,
the best fits under each prescription, though dif-
fering in detail, are very similar in overall as-
pect.

This is shown, for example, in the left part of
Table XII in which the empirical excitation ener-
gies for ' Pd are compared with calculated val-
ues for two prescriptions: Calculation I in which
the rotational parameters for the unperturbed low-
spin states were deduced by extrapolation as a

TABLE XII. R-component probabilities for calculated levels in Pd.

Z,„(keV) Probability of final state R-component (R ~ 10) '
J' Exp. Calc. I Calc. II R = 0 2 4 6 8 10

Favored (n = 0) states

23
Y

1359

673

245

189

1393

2019

673

1190

190

559

=189

1278

1271

668

269

372

=189

0.005 0.090 0.90 5

0.896 0.093 0.00 5

0.003 0.081 0.909 0.007

0.879 0.111 0.004 0.004

0.051 0.930 0.011 0.006 ' 0.002

0.833 0.1 56 0.004 0.004 0.002

0.629 0.344 0.020 0.003 0.003 0.001

Unfavored (n = 1) states

941

339

287

1551

2073

654

1285

444

710

1347

1475

675

986

514

645

0.004 0.081 0.915

0.764 0,221 0.015

0.052 0.932 0.016

0.695 0.280 0.025

0.002 0.703 0.282 0.013

0.533 0.406 0.060 0.001

Unfavored (n = 2) states

604

645

1 510

2439

1014

1655

1360

1902

1026

1424

0.001 0.074 0.910 0.01 5

0.003 0.616 0.328 0.020

0.038 0.888 0.070 0.004

0.061 0.477 0.418 0.041 0.001

~ For details of how R-component probabilities are calculated see Ref. 9. Pairs of states
are grouped according to their dominant R-component.

Calculation I uses a spin dependent extrapolation of inertial parameters and Calculation
II bases these quantities on the R structure of the unperturbed Nilsson states (see text).' R components for Calculation I.
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function of spin [see Eq. (19) in Ref. 9] and Cal-
culation II in which an effective moment of inertia
for each unperturbed state was obtained by sum-
ming the product of the amplitude for each R value
in the Nilsson wave function and the variable mo-
ment of inertia for that R in the ' 'Pd core. To
obtain a fit comparable to that of Calculation I a
somewhat unrealistic attenuation factor of unity
was required in Calculation II. As is evident
from the table the two calculations are similar for
the experimentally known states and exhibit the
same serious discrepancies with the data (see be-
low). It is also of note that the calculated dis-
tributions of R values in the two sets of calculated
wave functions for the final states are nearly
identical. The effect of these various attempts
to realistically represent the moments of inertia
for levels with J& —"is to give a similar, nearly
constant value of h'/2&+ for each E. Thus, a
Coriolis calculation using a constant rotational
parameter of 40 keV and &=0.9 also gives results
comparable to Calculation I.

The right-hand side of Fig. 12 compares the re-
sults of Calculation I with the empirical excitation
energies using the format of Rekstad et al."'"
Table XII lists the probabilities for R components
(R & 10) which are present in the calculated wave
functions. To facilitate comparison in Table XII
the states are grouped according to degree of
alignment (using the convenient quantity n) and
then as pairs, corresponding to the same dominant
R value. Thus, for n=0, the pairs of states rep-
resent the maximum anti-aligned and aligned
states for a given R. It is seen from Table XII
that the Nilsson model Coriolis coupling calculation
results in wave functions representative of states
in a rotation aligned scheme, e.g. , probabilities
of W. 9 for a single R value for the favored states
(n = 0}. In fact, the degree of parallelism of j
and R is even greater than at first appears for the
anti-aligned states because the low-R components
(e.g. , R=0, 2 amplitudes in the —,

' and —', states)
must arise from full alignment of R with small
j & —"components in the predominantly bye/g Nilsson
wave functions, whereas R values greater than

~

J- —", ~

in the high-spin favored states can arise
from partial nonalignment. For states that are
not fully aligned or anti-aligned, the dominant R-
component probability is seen to be even greater
for the low-spin (anti-aligned) states than for the
high-spin (aligned) states. This concentration in
R space is due in part to the aforementioned fewer
number of low-spin than high-spin unique-parity
levels.

It is immediate evident from Fig. 12 that there
are serious disagreements. Although the favored
levels (n= 0 curve) are accurately predicted, the

unfavored levels occur much lower in energy than
given by the calculations and more compressed
as well. In particular, one notes that there are
three pairs of states with the same spin (—,', ~, -).
In each pair the empirical (calculated) separations
are (in keV) 268(878), 265(856), and 400(824).
Overall, the discrepancies are as large as -1 MeV
for the unfavored states compared with agreement
to within an average discrepancy of 30 keV for the
favored states in ' Pd and 65 keV for the favored
states in ' Pd.

As noted earlier the observed z-ray transitions
and their intensities differ appreciably from those
expected for a weak coupling limit. Therefore,
the parameters of Calculation I were used to cal-
culate the intensities of the intraband E2 and M1
transitions within the framework of the Nilsson
model with Coriolis coupling. Unfortunately, the
comparison between calculated and observed re-
sults is limited by the fact that the multipolarities
of the higher energy transitions were not measur-
able. For transitions of known multipolarities
the calculated dominant multipolarities are in gen-
eral agreement with the experimental results.
For example, the 336 keV (-,' —-', ) transition is
calculated and measured to be M1, and the 94 keV
(-', —-', ) transition is calculated and measured to
be mixed M1/E2. For the 604 and 673 keV levels
the intensity ratios agree with the empirical ones
to within a factor of 6 in each case. The 685 keV
z ray depopulating the 1359 keV level is calculated
to be predominantly E2, so ratios of B(E2) values
are considered for this level, with agreement to
within a factor of 3 of the experimental results.
For the 941 keV level the agreement between cal-
culated and experimental results is poorer. The
601 and 267 keV transitions are calculated to be
strongly and comparably mixed M1/E2, with the
601 keV transition 50-80 times more intense com-
pared to a factor of -8 experimentally. The cal-
culated ratio of z-ray intensities for the 336 keV
(M1) and 695 keV (E2) transitions is -3000. How-
ever, if an E2 enhancement of -100 (see below) is
included this ratio becomes -30, in reasonable
agreement with the empirical value of 10.

Empirical data"' ' on hindrance factors in' 'Pd can be used to estimate the completeness
of the level scheme for the lower-lying negative-
parity states, where one might expect a strong
56 keV E2 transition between the -', (245 keV}
and —", (189 keV) levels. For "'Pd and '"Pd the
hindrance of E1 transitions depopulating the —,

'

levels is found to be 4 x10 and 8x10, respec-
tively. In ' Pd the —', ——", transition is enhanced
by -100. If an E1 hindrance of 6x10 and an E2
enhancerr. .ent of 100 are assumed for ' Pd, the
Weisskopf estimate for the z-ray intensity ratio
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for the -,'--,"ground state transition and the un-
observed -', ——" transition is 270, or an absolute
i -ray intensity of 0.6 photons/1000 neutron cap-
tures for the unobserved 56 keV y ray. An at-
tempt was made to observe low energy z rays with
a thin intrinsic Ge detector. No 56 keV z ray was
observed for an estimated detector sensitivity of
-1.5 photons/1000 neutron captures. When cor-
rected for internal conversion, the calculated E2
intensity is -6 photons/1000 neutron captures, a
value consistent with the observed population and
depopulation intensities of the —", level.

The major discrepancies revealed thus far
between the particle-rotor model and the data cen-
ter on the level energies. These discrepancies
are not an accident of the parameter values used
in the calculations but are inherent in the model
since they stem directly from the large Coriolis
matrix elements. This is most easily seen for
the two 2 states. In a two state mixing calcula-
tion the minimum final separation is twice the in-
teraction matrix element and thus, with an un-
attenuated Coriolis matrix element of -500 keV,
these two states must be calculated to be &1 MeV
apart, independent of their initial separation. The
only recourse to lessen this separation, within the
context of the model, is to attentuate the matrix
element. However, with an empirical separation
of 268 keV, it is clear that an attentuation factor of
& ~0.25 would be required. However, this is
completely unacceptable since it gives poor overall
agreement for the rest of the negative-parity
levels. In fact, the lowest lying of these would
then be the —,', not the —", level which then occurs
above both —,

' levels. This is, of course, not un-
expected since Lf(vhgiden and Rekstad" have shown
that the spin of the lowest-lying state in a rotation-
aligned picture is given approximately by J
= ot~(i+1) —1/21'".

The Nilsson model implicitly assumes an ex-
tremely truncated basis, namely that obtained by
coupling the odd particle to a pure rotor or, in .

other words, to the ground state rotational band in
the adjacent even-even nucleus. On the other
hand, as noted above, rotation-aligned sequences
of states are expected preeminently in weakly
deformed nuclei and it is in just these nuclei where
the pure rotor assumption is most suspect. One
should, therefore, expect both that anharmon-
icities in the (quasi) ground band and that other
degrees of freedom may play important roles.
The use of the VMI prescription in the above cal-
culations represents an attempt to include anhar-
monicities but without enlarging the basis. One
common way to extend the basis has been to in-
clude axially asymmetric core shapes. In effect,
this admits degrees of freedom associated with
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FIG. 13. The energy separation (~z) between states
of the same spin (~, ~) as calculated for an h&&/2 neutron
coupled to an asymmetric core with P= 0.22 and P
= 0.31. For A =109 the dashed curve corresponds to
pA 3=5 and the solid curve PA =7

the (quasi) y vibration and has proved to be an es-
sential ingredient" in successful particle-rotor
calculations in the A = 180-200 region.

We have, therefore, performed calculations
using a triaxial (rigidly asymmetric) core with
the code ASQROT written by J. Meyer-ter-Vehn. "
The calculations were performed for several val-
ues of the deformation parameter P (P =1.066)
in the range 0.15-0.35, including the values which
would be obtained from the energies of the first
2' states in the adjacent even-A Pd nuclei. The
Fermi surface was placed at the —, [541] Nilsson
orbital for direct comparison of results with the
previous calculations.

The calculations lead to plots similar to those
in Ref. 51. From them we have extracted the en-
ergy differences between the lowest two & and
lowest two -,'states. The results are plotted in
Fig. 13 for two different deformations. One sees
that the introduction of asymmetry is of essential-
ly no help. Even for the unrealistically large
deformation of P= 0.31 the separations remain
generally much larger than the empirical ones.
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At y -30', though the —,
' separation drops to %00

keV, the separation in the -', states is &1 MeV.
For more reasonable (smaller) deformations than
shown the separations are still larger.

It therefore appears that there are more serious
difficulties with the particle-rotor model. Whether
these could be removed by the introduction of fur-
ther degrees of freedom is currently unclear, as
are the questions of whether it is primarily the
unfavored levels that are susceptible to such
refinements or if the difficulty somehow, unex-
pectedly, centers on the low-spin states, or wheth-
er the usual agreement for high-spin aligned states
is perhaps fortuitous. If nonground band core am-
plitudes are, in fact, important, they would lead
to the presence of additional low-spin negative-
parity levels, the search for which might provide
a sensitive probe. The only likely candidate am. ong
the levels in Fig. 8 would seem to be the 1184 keV
—,', —,

"level which does seem to preferentially feed
the unique -parity sequence of states. Preliminary
calculations, " reported elsewhere, suggest that
one can account for the empirical negative-parity
levels in the framework of the newly developed in-
teracting boson approximation for odd mass nu-

clei." A full and proper discussion of this, how-

ever, is best reserved for a subsequent publica-
tion.

IV. SUMMARY

A thorough study of the (n, r) and (n, rce) reac-
tions on '"Pd has been made to determine level
spin parities in ' 'Pd. A number of J' values
have been more firmly established and important
discrepancies with earlier work have emerged.

The new spin values have been used to obtain
revised spectroscopic factors and spectroscopic
factor sums in ' Pd. As a result the study has
suggested a resolution of the g, /2 Ayy/g anomaly
for the ' Pd by demonstrating previous misas-
signments for several levels. '"Pd now stands
alone in this region in exhibiting an unusually
empty g, &, orbit and two strong low-lying -,

''
states. Our discussion suggests that one of these

~

~

~

-'' assignments may be incorrect or incomplete
e.g. , corresponds to an unresolved doublet in the

charged particle spectra). The apparent fullness
of the kyy/2 orbit in the Ru and Pd nuclei is most
likely an artifact of the existence of undetected

levels at higher excitation energies.
The present work also discloses a family of

unique-parity low-spin states built upon the —",

state at 189 keV. In the context of a particle plus
rotor description, these states correspond to the

anti-alignment of the angular momentum of an

h»» particle with the rotational angular momen-
tum of an even-A rotor and are thus the low-spin
counterparts of the high-spin states populated in
heavy-ion reactions. This is the first time that
such a full set of favored and unfavored anti-
aligned levels, including three with R &j, has been
observed. Since a ¹lsson model Coriolis coupling
calculation has successfully reproduced high-spin
states of this type in the A-100 region and can
lead to rotation-aligned spectra, it should be able
to also describe the low-spin states. It is found
that this model is unable to reproduce the energies
of the unfavored states. Furthermore, introducing
extra degrees of freedom in the core via an asym-
metric rotor does not improve the description.

Contrary to the situation for normal-parity
levels, unique-parity states are equally isolated
regardless of whether they have low or high spin.
One therefore expects the particle-rotor model
to work as well for low- as for high-spin states.
Thus, the present results suggest that unless and
until it is understood whether the difficulties en-
countered reveal a general problem with the par-
ticle-rotor model or whether there is indeed some
as yet unrecognized property that localizes the
discrepancies in the low-spin states, one should
exercise renewed caution in assessing the ap-
parent success the particle-rotor model seems to
enjoy in generating rotation-aligned spectra for
the subset of high-spin aligned levels usually ob-
served. They further argue strongly for addition-
al efforts to observe other sets of low-spin anti-
aligned states in order that the expanded syste-
matics so generated will reveal more completely
the extent, in spin, excitation energy, and nucleus,
of the discrepancies with the particle-rotor
scheme and perhaps lead to a, resolution of the dif-
ficulties either by illuminating the limitations of
the model or by suggesting refinements in it.
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