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Level Structure of "'Pd Investigated by (a,xn;y) Reactions
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Levels in ' 'Pd have been investigated by utilizing the 9Ru(a, n;y)' 'Pd reaction. The basic
measurements were y-ray excitation functions, angular distributions, and y-y coincidences. All y-ray
measurements were performed with Ge(Li) detectors. The excitation functions were used to identify
' 'Pd y rays, and the coincidence measurements were used to construct a level scheme. Nuclear spins

have been inferred from analysis of the angular distributions. The proposed level scheme contains 24
levels, ' the dominant y-ray cascade connects states of spin 0+, 2+, 4+, 6+, 8+, and 10+.

I. INTRODUCTION

In recent years many nuclei in various regions
of the Periodic Table have been found to exhibit
level structures that are intermediate to the vi-
brational and rotational extremes. In addition to
the nuclei in the classic deformed regions of the
rare-earth nuclei (A = 150-180) and the transura-
nium nuclei (A & 230), a number of nuclei around
A ~80 (e.g " Se, ' '~Kr)' ' and neutron deficient
nuclei around A= 126 (e.g. , '" '~~2Te, "' "„'Xe,

ge} have level structures
are reminiscent of ground-state rotational bands
(see Fig. 1). Quasirotational levels with spins up
to 10 have been found in some of these nuclei (e.g. ,
3~Se, s4xe) .

Deformed nuclei are, in general, expected in
regions where the neutron and proton numbers are
far from those that correspond to closed shells. '
In Fig. 1 stable even-Z nuclei have been plotted in
an N- Z diagram. The closures of major shells
are indicated by solid vertical and horizontal lines.
The closure of the semishell at N, Z = 40 is indicat-
ed by a dotted line. Regions where rotational-like
level structures have been observed are cross-
hatched. From this plot it is clear that deformed
nuclei are not unexpected near A = 80 and in neu-
tron deficient isotopes around A = 126.' Since the
closure of the semishell at N, Z =40 is relatively
weak, a possible deformed region may exist for
34&Z&46 and 54&N&76.

Quasirotational bands with spins up to 10 have in-
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FIG. 1, N-Z diagram showing stable even-& nuclei
{heavy vertical bars), possible region of deformation,
and regions where rotational-like structure has been
observed {crosshatched areas).

deed been reported in ",",Mo and " '4,'Ru iso-
topes. '" In view of these considerations a sys-
tematic study of the structure of the excited states
of the even-A «Pd nuclei is of considerable in-
terest.

The structure of nuclei in this mass region is
generally interpreted as vibrational in nature. In
fact, in some textbooks the even-A Pd nuclei are
quoted as the prototypes of harmonic vibrators.
That this description is not adequate for the even-
A Pd nuclei is evidenced by the fact that the first
excited 2' states of these nuclei have quadrupole
moments" of the order Q = -0.5 b and that reason-
ably strong Ml admixtures, which are forbidden
between purely vibrational states, have been ob-
served in the 2"-2' transitions. "

The present paper describes an investigation of
the excited states of "'Pd by means of (n, n;y) and

(n, 2n;y) reactions. Similar work is in progress
for other even-A Pd isotopes and will be reported
later.

The (o., n) and (n, 2n) reactions have been used
to populate and identify a large number of excited
states of "'Pd. The identification of the "'Pd ex-
cited states was mainly based on a comparison of
the excitation curves for (n, n) and (o., 2n) reac-
tions on different isotopes of Hu. Extensive use
of directional distribution measurements on the

y rays emitted from the "'Pd states and two-pa-
rameter y-y coincidence observations were used
to establish a level scheme of up to 5-MeV ex-
citation energy.

II. EXPERIMENTAL METHODS

The targets for the (n, xn) reaction experiments
were made with enriched "Ru (98%) and '"Ru (97%)
metal obtained from Oak Ridge National Laboratory.
Targets of approximately 100 p, g/cm' thickness
were evaporated from a cold crucible with heating
obtained by electron bombardment of the Bu. The
Ru condensed as a thin film on a 70-pg/cm' carbon
backing.

The apparatus used for the excitation function
and coincidence experiments consisted of a small
aluminum target enclosure which allowed external
detectors to be located within 2.5 cm of the beam
spot. The beam was defined by tantalum collima-
tors before the chamber and was collected in a
Faraday cup 2 m behind the chamber. The chamber
used in the angular-distribution measurements was
a 12.7-cm-diam thin brass cylinder. A Ge(Li) de-
tector could be rotated around the symmetry axis
of the cylinder. The beam spot was fixed at the ax-
is of rotation by a collimator with a 1.5-mm-
diam hole located 20 cm in front of the target.
An important test for an angular distribution is
that it be symmetric around the beam axis. The
chamber was not fitted with an exit beam line so
that the y detector could be positioned on both
sides of the beam axis. The beam was stopped
immediately behind the target with a 250-mg/cm'
gold foil. The measurements that were performed
for the determination of the beam spot location
and for tests of the symmetry of the experimental
arrangement will be described in Sec. V.

y rays were detected with a Ge(Li) detector of
5% efficiency and 2-keV resolution at 1.8 MeV.
The electronic system was designed to accept high
counting rates and to provide a simple technique
for corrections for dead-time and pileup losses.
It was found that with proper pole-zero compensa-
tion and an active dc restorer the energy resolu-
tion did not deteriorate by more than 15/0 when the
counting rate was increased from 5 to 30 kHz.
Even though energy resolution need not suffer se-
verely, pileup in the active filter amplifier is a
serious problem for accurate measurements. The
effect of pileup is to remove pulses from peaks
and distribute them in the Compton background.
In the present experiments the counting rates were
typically 15 kHz, and the pileup loss was approxi-
mately 15%, quite comparable to the dead-time
loss.

Dead-time and pileup losses were measured by
using a pulser which was driven from the digital
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FIG. 2. Excitation functions for the 261-, 556-, and
668-keV y rays observed in the ~~Ru(n, xn; y) reaction.

output of the current integrator. The test pulse
was carefully adjusted so that it mould not cause
undershoot in the active filter amplifier. The
pulser-correction method was tested with sources
of different strength and found to be accurate to
within 0.3% for counting rates up to 30 kHz. The
data were normalized by dividing the area of each
y-ray peak by the area of the pulser peak which
was recorded in the upper part of the spectrum.

A time-to-amplitude converter was used for the

y-y coincidence measurements to record true and

chance coincidences simultaneously. The effec-
tive resolving time of the system was approximate-
ly 60 nsec, and the true-to-chance ratio was typi-
cally 30 to 1. The y-y coincidence spectra were
recorded in a two-parameter analyzer-computer
system with a 4096x 4096 effective storage capa-
bility.

III. y-RAY SPECTRA AND EXCITATION
FUNCTIONS

For purposes of isotopic assignments of the y
rays the complete energy spectrum of the y radia-
tion emitted from the excited states populated in

(n, xn;y) reactions from different Ru isotopes was
measured with a high-resolution Qe(Li) detector
as a function of the n energy. The y detector was
positioned at 90 with respect to the incident beam.
A least-squares fit routine (GASPAN)" was used to
decompose the y spectrum into its components and

the "excitation function" for each y-ray energy
%as constructed. Figure 2 shows as an example
the y-ray yield as a function of o.-particle energy
for the first excited states of "'Pd (from o, n) and
"'Pd (from n, 2n). It is evident that at 17-MeV a

energy the (n, n) reaction is dominant. At higher
o energies the (a, 2n) reaction becomes dominant"
and more and more y rays from "'Pd produced in
the "Ru(a, 2n)"'Pd reaction are observed. In fact,
due to competition with the (n, 2n) reaction the
cross section for the (o., n) reaction peaks at E„
= 18 MeV and decreases at higher bombarding en-
ergies (see Fig. 2). Further confirmations for the
assignments of the observed y rays to transitions
in "'Pd were obtained by measuring the relative
y yields in the reaction '"Ru(n, xn;y)' *Pd as a
function of o. energy. In this case, the y yield for
"'Pd y rays increases constantly with increasing
z energy and is expected to peak at about E = 26
MeV. The "'Ru(o. , 2n;y)"'Pd reaction at E„=24
MeV resulted in the observation of the same ' 'Pd

y rays as the QQRu(o, n;y)"'Pd reaction. No addi-
tional y rays were observed. In view of the con-
siderable higher neutron and y-ray background re-
sulting from the (n, 2n) reaction all the coincidence
and directional distribution measurements which
will be discussed in the following sections were
made by using the "Ru(o, n; y)'"Pd reaction at
E =17 MeV.

Table I summarizes the results of the excitation
function measurements in the 99Ru(o. , e; y)"'Pd re-
action. Only those y rays are included in the table
that have been independently identified as originat-
ing in '"Pd (see Sec. VI). The relative yields in
Table I are corrected for the energy dependence
of the counting efficiency of the Qe(Li) detector.
All yields at E„W 18 MeV are normalized to the
yield at E =18 MeV. It is interesting to note that
the yield for the 556-keV y ray peaks at a lower
n energy than the yield for the 835- and 979-
keV y rays, indicating that the latter y rays are
emitted from ' 'Pd states of higher excitation en-
ergy.

IV. y-y COINCIDENCE MEASUREMENTS

y-y coincidence measurements were performed
at an incident n energy of 17 MeV. The coinci-
dence events were processed by two analog-to-dig-
ital converters (ADC) interfaced to a PDP-15 com-
puter. The computer wrote the coincident word
pairs on magnetic tape and accumulated a 4096
spectrum of all coincident events from ADC-A.

Data analysis was done off line. The computer
was used to set windows on all peaks seen in the
ADC-A spectrum. Since the windows also con-
tained background caused by Compton scattering
from higher-energy peaks, a background windom
was set adjacent to each peak window. Then a one-
dimensional spectrum of ADC-B events was con-
structed for each ADC-A window. The background
spectrum was subtracted from each peak spectrum.
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The resultant spectrum for the 556-keV window
is shown in Fig. 3. Peak areas and energies were
extracted from each of these different coincidence
spectra. The peak areas were then corrected for
detector efficiency. A summary of the results of
the coincidence measurement is given in Table II.

V. y DIRECTIONAI. DISTRIBUTION
MEASUREMENTS

The directional distributions of the y rays emit-
ted from the excited states of "'Pd populated in
the "Ru(o, , 2n)"'Pd reaction at E„=17 MeV were
measured at laboratory angles of 90, 60, 30, 0,
and —30'with respect to the beam direction. After
data were accumulated at each set of angles, a
beam-off angular distribution of induced radioac-
tivity in the target was measured. These radio-
activity measurements were subsequently used to
study the average effects of beam wobble and to
determine the average position of the beam spot
relative to the center of rotation of the Ge(Li) de-

tector. Qnly the y lines definitely identified as
resulting from n-induced radioactivities were con-
sidered. After correcting for absorption in the
stopping foil, the angular distributions of the ra-
dioactivity y rays were found to be isotropic with-
in l/, .

Three sets of data at a given angle were com-
bined to give a mean normalized area for each y
transition observed. The rms deviation of the
three areas from the mean was calculated to check
the reproducibility of the data. Systematic errors
in the measurements (beam centering, etc.) were
estimated to contribute less than a 2% uncertainty.
The statistical uncertainty, the rms deviation, and
the systematic uncertainty were compared, and the
largest uncertainty used in further calculations.

The resulting distributions were least-squares
fitted to the function

Nz(e) = N, [l + Q, A»P, (cos(t'- 6,))

+q, A„Z,(cos(S- e,))]

TABLE I. 99Ru(n, n; y)~+Pd y-ray yield as a function of incident n-particle energy.

(keV)
Intensity b

at E~ =18 MeV 16 MeV

Intensity' as a function of E„
normalized to the intensity at E„=18MeV

17 MeV 18 MeV 19 MeV 20 MeV

179.8 j:0.1
182„9+0.1
275, 1+ 0.5
327.3 + 0.1
336.2 + 0.1

440.0+ 0.1
540.0+ 0.2
556.4+ 0.1
603.6 ~ 0.5
620.1+0„5

715.1~0.5
719.4+ 0.1
756,5+ 1,0
835.4 + 0.2
864.8+ 1.0
901.7 + 0.1
978.7+ 0.5

1Q18,4+ 0.2
1198.4+ 0.2
1277.7+ 1.0

1330.6 + 0.5
1375.4+ 0.1
1493.1 + 0.3
1554.9 ~ 0.5
1581.6 + Q.l

2.5
1.9
2.1
1.4
5.5

3,6
0.8

61.8
1.2
2.0

8.4
47.4

1,4
23.3
2.9

9.1
3.5
3.3
2.5
1,8

1.5
2.2
1.8
2.9
5.7

73+1
80 +2
39+2
31+2
59+1

66+2
44~7
88 + 0.3
66+8
85+ 5

77 + 0.4
55~7
61+0.6
75+ 5

44+ 1
72 +4
46+3
54&4

83+9
55+5

109+11
101+6
70+3

99 +2
95 j-2
56+ 2

64+3
82 +1

89 +2
57~9

105+0.4
86+10

103+6

95+ 0.5
66+ 7
84 =& 0.8
83&6

98+ 11
81~7

124 + 12
116+8
95 +4

100+2
100+2
100+3
100+4
10Q+ 1

100+ 2
100+ 15
100+0.4
100+ 12
100+ 7

100+3
100+0.5
100+9
100&1
100+ 7

100+ 2
100+ 5
100+ 5
100+ 7
100+ 12

100~ 11
100+8
100+ ll
100+ 7
100+4

91+2

193+26
82 +0.3
67+9
85+6

106 +3
84 +0.5

131k 11
91+1

116+2
101~5
3.18+7

80 +6
80+ 10

114+ 14
82+8

66+2
60+2

124+ 3
117+5
80+1

76+2
184*23

65 + 0.3

93+ 6
e

84+ 2
67 + 0.4

108+9
77+0,8

113+2
96~5
92+6
57+ 5
76;~-10

138~ 18
74+ 7

1745.1+ 0.1
1786„5+0,2

73+8
88+9

99+11
85 &9

1QQ + 11 78+ 11
100+ 12 0 ~ ~

b Relative intensity corrected for Ge(Li) detector efficiency.' Normalized intensity && 100.
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TABLE II. y-y coincidence summary. The y rays listed in column I were selected on the A axis of the megachannel
coincidence spectrum. The B detector spectra recorded in coincidence with the selected y rays were then reconstructed.
The energies of the y rays seen in the B spectra are listed in column II. The intensities, given in parentheses, are
corrected for the efficiencies of the Ge(Li) detectors.

Ey
(keV)

440

556

719

E& (keV)

184 (15+ 1,5), 556 (69 + 10), 719 (81+ 5), 835 (88 + 6), 902 (86 a 6)

176 (12+1.5), 221 (76+2), 275 (9+1.5), 440 (57+15), 556 (252+ 7),
604 (14+3), 719 (40 + 10), 715 (120+ 20), 757 (16+ 4), 835 (19+ 5),
861 (43+ 6), 900 (23+10), 978 (21+4), 1582 (193+13), 1534 (16+5)

180 (32+2), 275 (40+3), 336 (31+15), 556 (242+10), 719 (120+10),
757 (64+8), 1198 (20+6), 1582 (92+30)

180 (65+20), 183 (65+20), 275 (85+13), 327 (87+10), 336 (363+20),
383 (57+16), 440 (193+14), 719 (4416+80), 757 (61+22), 834 (1722+50),
861 (40+20), 865 (60+20), 890 (60+23), 902 (626+40), 979 (240+60),
1018 (400+60), 1198 (130+40), 1278 (100+40), 1331 (65+28), 1375 (153+35),
1493 (75+28), 1555 (301+37), 1582 (433+50), 1745 (164+31), 1787 (53+15)

180 (38+5), 256 {27+10), 327 {30+25), 336 (17+10), 440 (72+20),
541 (14+14), 556 (3712+110), 715 (96+30), 835 (1715+70), 865 (165+48),
890 (20+20), 901 {505+55), 979 {96+30), 1018 (212+35), 1198 (103+30),
1278 (29*13), 1331 (75 + 25), 1375 (138+30), 1493 (118+28)

835 183 {27+10), 327 (79+10), 336 {16+6), 540 (66+20), 556 (1620 +40),
719 (1607+44), 865 (83+26), 890 {106+31),902 {592+40), 979 (53+30)

902 327 (77 + 15), 556 (425 + 50), 719 (431+ 35), 835 (429 + 37), 978 (145+ 29)

383 (28+ ll), 556 (154+35), 719 (93 + 15), 835 (73 + 20), 902 (57 + 31)

1018 180 (29 + 5), 275 (10+ 4), 440 (18+ 5), 556 (170+ 61), 620 (19+ 5), 715 (93+ 15),
719 (230 + 22)

1198

1493

1555

1582

1745

275 (7+3), 383 (17+8), 440 (31+7), 556 (97+15), 714 (40+20), 719 (100+20)

556 (110+ 22), 719 (106+ 16)

556 (88+15), 719 (109+30)

183 (54 + 6), 440 (16+ 7), 556 (183+19), 715 (27 + 12)

275 (16+ 6), 336 (219+ 15), 440 (45 + 12), 556 (411+ 27), 714 (62 + 15)

173 (10~4), 556 (127+15)

with Np A22 444, and 8p as the parameters.
The corrections Q, for finite solid angle were

computed according to Krane. " The fits to the y
distributions were first made with 8p as a degree
of freedom. The average e, (about 2') was then
held fixed and the individual distributions analyzed
again. The coefficients A.» and A44 with their re-
spective uncertainties are tabulated in Table III for
the '"Pd y rays. Figures 4 a~ 5 show some ex-
amples of the y directional distribution measure-
ments in the (a, n;y) reactions.

VI. ANALYSIS AND INTERPRETATION
OF THE DATA

A. Identification of y Transitions

The y rays observed in the singles spectra
were identified as due to y transitions in "'Pd if
the following conditions were met:
(a) peaking of yield at about E„=18 MeV in the
"Ru(n, n; y)"'Pd reaction,
(b) constant increase of the yield with increasing u
energy up to E„=24 MeV in the '"Ru(o., 2n; y)'"Pd
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FIG. 3. Spectrum of y rays detected in coincidence
with the 556-keV y ray.

reaction,
(c) coincidence events with y rays that were firmly
established to be "'Pd transitions based on (a) and

(b) alone.

B. Construction of Level Scheme of Pd
102

After the determination of the relative intensities
of the y rays, the coincidence relationships be-
tween the various y rays were analyzed on the ba-
sis of Table II. This table shows that several mul-
tiple y cascades are present, the most prominent
being the 556-719-835-902-979 chain, where the
approximate energies are given in keV. (We de-
fine as a chain a set of y rays where each y ray of
the set is in coincidence with every other member
of the set. ) The sequence of the y chains are here
written in order of ascending energies without re-
gard, at this point, to the actual order of the y
rays in the decaying "'Pd nucleus. Qther rather
prominent chains are the 275-336-440-556-1582,
the 440-556-719-1198, and the 556-715-719-1198.
It should be noted, however, that whereas some
y rays are members of several chains, they are

not in coincidence with the same set of y rays.
For example, the 440-keV y ray occurs in the
first two sets, but the partners, 336 in the first
set and 1198 in the second set, are not in coinci-
dence with each other —a fact which indicates
branching of the chain.

The observation that the 556-keV y ray has a
very strong coincidence probability with all y tran-
sitions except with the 1534-keV y ray, and the
fact that the 556-keV transition is by far the most
intense, clearly identifies it as the ground-state
transition. This interpretation is borne out by the
shape of the (cl., xn) excitation function. The place-
ment of the 556-keV y ra.y is in agreement with
the results from (P, 2n) reactions on '"Rh of Sakai,
Yamazaki, and Ejiri" who observed the conversion
electrons emitted in this transition and assigned
an energy of 558 + 3 keV to this y ray.

The second most intense y transition is the 719-
keV transition, which is also in coincidence with
most other transitions with the notable exception
of the 1534-, 1582-, 1745-, and 1787-keV y rays.
It is therefore reasonable to place this transition
on top of the 556-keV transition. Sakai, Yamazaki,
and Ejiriie observed a 721+3 keV y ray following
the '"Rh(P, 2N)"'Pd reaction and interpreted this
y ray as due to the transition from the second to
the first excited state of "'Pd purely. on the basis
of systematics.

Similar coincidence and intensity considerations
show that the 835-keV transition must be above
the 719-keV transition. This y transition was also
identified by Sakai, Yamazaki, and Ejiri who quote
as its energy Ez = (832+ 3) keV and place it above
the 719-keV transitions on the basis of systematics.

From the coincidence data of Table II it follows
that the 835-keV transition must be bypassed by
the 1018-, 1198-, 1534-, 1555-, 1582-, 1745-,

TABLE III. , Directional distributions of o I'd y radiation emitted following the 898u(o.', n) Pd reaction at E„
=17 MeV,

A2~ +~2o A44+ ~44 (kev) A44 +.~44

173
183
327
336
440
556
604
620
715
719
757
835

-0.23 + 0.03
—0.19 + 0,02

0.392 + 0.046
—0.167 +0.026

0.345 + 0.035
0.199+ 0.018
0.31 + 0.09
0.03 +0.04
0.116+0.025
0.226 + 0.018
0.38 + 0.06
0,277+ 0.018

0.105 + 0.011
0,103+ 0.03

—0.019~ 0.073
0.045+ 0.040

—0.024 + 0.041
—0.034+ 0.027
—0.02 + 0.13
+0.05 + 0.07
—0.047 + 0.036
-0.047+ 0.028

0.03 + 0.09
-0.095 & 0.034

865
902
979

1018
1198
1278
1331
1375
1493
1534
1555
1582
1745

+ 0.55
+0.016
+ 0.026
+0.04
+ 0.10
+ 0.07
+ 0.06
~0.05
+ 0.14
+ 0.10
+ 0.03
+ 0.02
+ 0.05

-0.02
0.313
0.158
0.27

—0,20
—0.09
—0.31

0.23
-0.02

0.19
0.10
0.23
0.32

0.195+ 0.062
-0.118*0.026
—0.01 + 0.04
—0.07 + 0.09
—0.004 + 0.110
—0.13 + 0,106
—0,09 + 0.08

0.01 + 0.07
0.09 + 0.11

—0.14 + 0.17
-0.04 + 0.05
—0.12 +0.03

0.03 + 0.09
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FIG. 4. Angular distributions and least-squares fits for the 556.4-, 719.4-, 835.4-, and 901.7-keV transitions.

and 1787-keV transitions.
From intensity and coincidence probability con-

siderations it is clear that only some (about —,') of
the 978-keV quanta are in coincidence with the 835-
keV transition. In fact, the width of the 978-keV
y peak in the singles spectrum indicates the pres-
ence of a doublet. Also, the excitation function for
the 978-keV peak indicates that the peak is due to
two different y rays of about the same energy but
placed at very different excitation energies.

A complete analysis of all the coincidence and
intensity data, together with the accurate energy
determination of the y rays necessary for checking
the presence of crossover transitions resulted in
the level scheme shown in Fig. 6. By using the
calibrated efficiency of the y-y coincidence detec-
tors the coincidence intensities were computed on
the basis of the level scheme of Fig. 6 and were

found to be consistent with the experimental values
of Table II.

C. Analysis of y Directional Distribution
Measurements

The (n, xn; y) reactions proceed mainly through
a compound nucleus mechanism. The incoming
particle brings in orbital angular momentum in
the m = 0 substate only with respect to the beam
direction as the axis of quantization. The a par-
ticles with the energies involved in the present in-
vestigation bring into the compound system orbital
angular momentum of up to 16 units, thus the com-
pound nucleus is strongly aligned with respect to
the beam direction. The neutrons evaporated from
the compound nucleus before a particle-stable state
is reached carry away small amounts of angular
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momentum. " The angular momentum carried
away by the neutrons is distributed in approximate-
ly random directions. y radiations which may be
emitted before the nuclear state under investiga-
tion is reached do not deorient the states appre-
ciably. It is therefore reasonable to assume that
the excited states of the Pd nuclei that are pro-
duced in the (o., xn) reaction are strongly aligned
with a m-state population distribution P(m) cen-

tered around m =0. The existence of the strong
alignment was discovered by Morinaga e t a l."and

has been used as a spectroscopic tool in many in-
vestigations of (a, xn;y) reactions. " We assume
a Gaussian distribution of P(m) with a width o that
depends on the details of the reaction mechanism":

P(m) =e "'I'".

The normalized (B,= l) orientation parameters" of states of spin I are then given by

P (-l)" (I—mIm~ XO) e
(I +) (2I+ l )1/2 m= -I

e -m /2a
(3)

and the directional distribution of y radiation emitted from the aligned state I leading to a state I& is given

650- 336.3 keV
700—

756.5 keV

600-

550-

500-

I I I I

-904 -604 -30 0
e 400- "

II
i I

-904 -60 -304 04
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FIG. 5. Angular distributions and least-squares fits for the 336.3-, 756.5-, 1330.6-, and 1582-keV transitions.
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ii (~) =RA»P. (cos8) (4)

with

A~~ =B~(I o)A~(y) (5)

where the y directional distribution coefficient A~(y) depends on the multipole character I, of the y transi-
tion. For a mixed L and I' y transition

Fg(LLI~I ) + 26Fg(LL'I~I) + O'Fq(L'L'I~I)
y 1+&

where the mixing ratio 0= (Iz~~ j„A~i "~l~ I)/(I~(~ j„A~i "~)~ I) has been explicitly defined by Krane and Steffen. "
For a pure multipole transition L'=L

A, (y) = F„(III, I) .

The factors F~(LLI&I) are the ordinary F coeffi-
cients. "

Figures 7 and 8 show the directional distribution
coefficients

A~~ =B~(I o)F),(LLGI)

for quadrupole radia, tions L= 2 and I& =I —2 com-
puted for various initial spins I as a function of the
parameter o/I.

It can be seen from Figs. 7 and 8 that the abso-
lute values of the orientation parameters B~(I,o)
decrease rapidly with increasing width cr of the
m distribution and that

~ B,(I, o)
~

decreases much

faster than l B,(I, o)l.
It is convenient to introduce "attenuation" coef-

ficients zz which describe the actually observed
orientation parameters B„(I)in terms of the orien-
tation parameters Bz(I, O) for a perfect alignment
with o = 0 (i.e., only population of m =0 substates):

B.(I)
B),(I, 0)

'

The +~ are in general, smaller than unity, either
because at 0 or because of the deorientation by
virtue of the emission of a preceding radiation or
because of both.

It is interesting to note that the attenuation coef-
ficients for a state I whose orientation parameters
B~(I,o) are given by Eq. (8) are nearly independent
of I for I&4. Within a good approximation (a few
percent) one can write

W(8) =+B (I,)U&z(y, )A„(y,)Pg(cose) . (12)

The directional distributions of y rays in the 979-

Oo+) 399I.6

(7+5+) 3670.8

8+
(7+,5~)

~g+ 979

7+~+
5+++

527 757 275

(4+6~)
(4+6~) 440 7I5 — 176

"- ' - '

J

890,865,719,620T80 ' 173r 83 188 3/~7 Si434o

zYi
™

4

&83 604
2+ 1 F

835 259,IOI8 861,439,Q

33402~3 I 89.4
+30I2.9
/3001.5

~~2976.0
29I4.3
27688
265 I.2
26064

g25535
%24743
w2342.9

%%2301.5
&%22942
~2I38.I

2I I l.2
I I I. I

l9I 9.0
l278, 63I

~ l534.5
75 I493

I275.8

exclusively populated by an unobserved y radiation

y, which has been emitted from a state I, with ori-
entation parameters B&,(I,), is given by

B,(I.) = U„(y,)B,(I,),
where U~„(y,) is the deorientation coefficient" for
the unobserved y transition y, . The directional
distribution of y, is then given by

B,(I, o)""=
B„(I,'o) (lo)

7I9 978 l555 l582 l745 l787

ll 556.4

and the attenuation coefficients are then only a
function of the relative spread o/I. Figure 9 shows
a plot of the a,(o) and o,(o) for I=4, 8, and 18 as a
function of o/I.

The orientation parameters of a state I, that is

556 1534

0+ w

pd I02

PEG. 6. Level scheme for Pd.
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902-835-719-556 chain (see Fig. 4) are discussed
first. A summary of the directional distribution
coefficients A~~ = B~(I)A&(y) observed for the y
rays in this chain is presented in Table V. The
characteristic features of all these y distributions
are the relatively large and positive A» values and

the relatively small and negative A,4 values. This
feature is characteristic for I~='I —2 transitions. "
The corresponding spin assignments to the nuclear
states involved are indicated in column 4 of Table
IV. The absence of crossover transitions corrobo-
rates these assignments. From the experimental

A„~ values the attenuation factors zz can be com-
puted from Eq. (9). These factors are shown in

columns 5 and 6 of Table IV. The corresponding
magnetic substate spreads, o/I obtained from
Figs. 7 and 8 or 9 are indicated in columns 7 and

8 of Table IV.
Except for the 979-keV transition, which con-

sists of two unresolved components, systematic
trends in the n~'s and the o/I values are discern-
ible. Within limits of error, the observed o., and

n4 values for a given state are consistent with

Eq. (10) for a single value of o/I. This fact im-
plies that the analysis of the directional distribu-
tion data on the basis of a Gaussian distribution
of the population parameters P(rn) following the

(o., n) reaction is reasonable, albeit somewhat
crude. As the y cascade proceeds downwards, the

n~ decrease because of the emission of y radia-
tion (which deorients the nucleus).

If no side feeding is involved in a y cascade, the
reduction of nz can be computed from Eq (11). .
For example, the 556-keV level is mainly fed by
the 719-keV transition and hence its directional
distribution is approximately given by Eq. (12)
with" U„=0.749 and U44=0. 285.

Hence, with Eqs. (8) and (9) and the experimental

values of the Azz for the 719-keV transition, one
expects n, (556)=0.33+0.03 and o.,(556)=0.034
+0.021 for the 556-keV transition, in excellent
agreement with the experimental values. The ar-
gument can be reversed. The fact that the com-
puted nz of the 556-keV state agree with the ob-
served values indicates that the 556-keV state is
mainly fed by the 719-keV transition, a result
that is also obtained from intensity considerations.

The discussion above represents a special case
of the general statement, that in a stretched cas-
cade, i.e. , a I-I- L-I —2L-I —3L-, etc. cascade
with no side feeding, all y rays must have the
same directional distribution. " As can be seen
from Table IV the 719 and 556 keV have within
limits of error the same distribution, the 556-keV
distribution being less pronounced than the 719-keV
distribution because of some side feeding, In a
similar way one can calculate from the A&z of the
835-keV transition the Q. ),

's for the 719-keV tran-
sition with the result o.,(719)=0.55 +0.04 and

n, (719)=0.26+0.09. Here, the agreement is only
qualitative, since the 1275.8-keV state is populated
by many additional y transitions, in fact less than
half of the population is via the 835-keV transition.

These results show clearly that the dominant
mode of deexcitation of the ' 'Pd nuclei that are
highly excited by (o., n) reactions is by means of
a (10)-8-6-4-2-0 cascade. The spin assign-
ments of 2' and 4' to the 556.4-keV and 1275.8-keV
states agree with the results of the '"Ru(p, 2n)"'Pd
reaction work. "

The directional distribution of the y rays emitted
in the less intense chains are analyzed in Table V.

The 715-336-1582-556 cascade (see Fig. 6) is the
second most intense chain in x 2Pd The direction
al distribution of the 1582-keV y ray (see Table V)

0.8
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O. I

l I I I l l I I

0 O. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O
a-/ I

—O. l
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w -0.3
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~ -05

—0.6

-0.7

-0.8

0 0, I 0.? 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O

0/I

FIG. 7. Directional distribution coefficients
B2(I,o)E2(2, 2, I —2, I) as a function of o/I for
various values of I.

FIG. 8. Directional distribution coefficients
B4(I,o)E4(2, 2, I —2, I) as a function of o/I for
various values of I.
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FIG. 9. Attenuation coefficients n& as a function of 0/I.

is characteristic of an I.=2, I, =4-I&=2 transition
with o2(1582) =0.45 +0.04 and o.,(1582) =0.33 a 0.08.
The o/I values derived from o,,(1582) and o4(1582),
respectively, are not consistent with each other,
but it should be kept in mind that this transition is
mainly fed by the 336-keV transition. The direc-
tional distribution is consistent with either an I.= 2,
3-4 transition or an I.=1, 5-4 transition. Howev-
er, the 3-4 transition would result in nz's for the
1582-keV transition of n, (1582) = a, (336)U»(L = 2)
= 0.26 a 0.06 and a, (1582) = o.,(336)U«(L = 2) = -0.09
+0.05. I The negative sign here means that the
orientation parameter B4(I=4) has an opposite
sign to that of the initial state of the 336-keV tran-

sition. The original definition of the o,„of Eq. (9)
is still valid, but az is here not a function of v.]
These values of o~(1582) are definitely not in agree-
ment with the experimental values of Table V. If
the 336-keV transition is interpreted as an I = 1,
5-4 transition, however, one obtains n, (1582)
= o.,(336) U»(L= 1)=0.47+0.07, a, (1582) =no re-
sult, because A44 vanishes for L = 1, in agreement
with experiment. Also U«(L = 1)= 0.798 which pre-
serves a substantial part of any A. = 4 orientation in
the 336-keV transition, a fact which is important
in explaining the experimental value of n~(1582)
= 0.33 + 0.08. The possible spin and multipole as-
signments for the 715-keV transition are indicated
in Table V. The interpretation as a 7- 5, I.= 2

transition cannot be excluded, but the small value
of a,(715) is unlikely for a state of spin 7. A more
likely explanation of the observed distribution is
based on the assumption that the 715-keV transi-
tion is a 5- 5 transition of mixed multipolarity with
a mixmg»tto of 5= &5lli~A2"II »~(5ll i~Ad"'ll »
=1.5 (in the definition of Krane and Steffen). " This
interpretation yields consistent and reasonable val-
ues for olI. The spin assignment of 5 to the initial
state for the 336-keV transition, i.e. , the 2474.3-
keV state, fits in very mell with the observed di-
rectional distribution of the 1198-keV y ray which
originates from the same state. The e, 's for both
transitions agree within limits of errors. Similar-
ly the observed directional distribution of the 440-
keV transition is consistent with this assignment.

The 715-336-604-1534 cascade is of medium in-
tensity. The 1582-keV and the 604-keV transition
originate from the same state at 2138.1 keV. Both
transitions are 4- 2, L=2 transitions and the ex-
tracted values of z, and n4 agree within experimen-
tal errors. The 1534.5-keV, I = 2' state is mainly
fed by the 604-keV transition, hence z(1534)
= U»(L = 2) o,,(604) = 0.45 a 0.13 in agreement with
the data for the 1534-keV transition. The spin as-
signments of 4' to the 2138.1-keV and of 2' to the

TABLE IV. Directional distributions in the 979-902-835-719-556-keV chain.

(ke V) A22 +bA22

979 ~ 0.158+ 0.026

A44 +~44

-0,01 + 0.04

Transition
I; I~

(10) 8

cr/I
From e2 From n4

902

835

719

0.313+ 0.016

0.277 + 0.018

0.226 + 0.018

—0.118+0.026

—0.095 + 0.034

—0.047 + 0.028 4~2

0.73+0.03

0.61+ 0.04

0.44 + 0.04

0.60 +0.13

0.39 + 0.14

0.12 + 0.07

0.33 + 0.01 0.25+ 0.06

0.41 + 0.01 0.32 +0.09

0.54 + 0.01 0.52 +0.10

556 0.199+ 0.018 —0.034+ 0.027 2 0 0.27 + 0.04 0.020 +0.014 0.75 +0.01 0.77+0')0

' Composed of two y rays of 978.7 and 978.1 keV.
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TABLE V. Directional distributions in the 715-336-1582-556, the 715-1198-719-556, the 275-440-336-1582-556, the
715-336-604-1534, and the 757-620-1018-719-556 chain.

(keV) &22 +~22 A.44 +bA44

Transition
I; If From n&

0-/I
From e4

715 0,116+0.025 -0.047 + 0.036 5~3
7~5
5~5 12

(6 =1.5)

0.24 ~0.06

0.25 ~ 0.07

~p 5

0.17+ 0,13 0.78 +0,10

0.22 + 0.16 0.76 +0.12

~p 5

p 45+0~24

0.41+
p
0'09

~p

336 -0.167+0,026 +0.045+0.040 3~4
5 4

0.47 ~ 0.07
0.50 ~ 0.08

0.24 + 0.2 0.55 +0.05 0.43 + 0.15
0.48 +0,07 ~ ~ ~

1582 0.23 +0.02 —0.12 +0.03

1198 -0.20 +0,10 0,00 + 0,11

4~2
3 4
5 4

0.45+ 0.04

0.56 + 0.28
0.6 + 0.3

&0.58 0.5 ~0.2
0.45+ 0.25

&0.26

0.33 + 0.08 0.53 + O.Q3 0.35 + 0.05

440 0.345 +0.035 —0.024 +0.041 0.73 + 0.05
0.69 + 0.06

&0.22 0.33 + 0.04
0.36+0.06

&0.41

757 0.38 +0.06 0.03 + 0.09

604 0.31 +0,09 -0.02 +0.13

1534 0,19 +P,10 —0.14 +0.17 2 0

7~5
5 5

0.61 + 0.18

0.26 + 0.14

0,86 + 0.14

0,76 + 0.08

&0.18

&0.28

77+0.80

0.24'0-24

0.30 + 0.05

0.06 + 0,24 0.42 + 0,14 &0.36

&0.42

&0.36

620 0.03 +0.04 0.05 + 0.07 1$2
(6 =- -5.0)

~0 7 0.2 -0.35 ~p 4

1018 0,27 +0.04 -0.07 +0.09

1, 2

(6 =-0.15)
2

~P 7

0.59 ~ 0.09

0 to 1

&0.66

0.35

0.41 +0.09

Oto~

&0.2

TABLE VI. Directional distributions of the 327-, 865-, 1278-, 1331-, 1375-, 1493-, 1555-, and 1745-keV y rays.

(keV)

173

183 ~

183

-0.23 + 0.03

-0.19+ 0.02

A. 44 +~44

0.105+ 0.011

0.10 + 0.03

5 4

6 4
6 6

1 2

(6 = —6.0)

Transition
I; I~

g/I
From e2 From o.'4

0.66+0.08 0.16+0.02 0.38 +0.06 0.44+0.02

327

865

1278

1331

0.39+ 0.05

-0.02 + 0.05

-0.09+0.07

-0.31+0.06

0.23 + 0.05

-0.02 + 0.07

0.19 + 0.06

0.13 + 0.11

-0.09 + 0.08

0.01 + 0.07

8 8

7 6

3 4

4~4
6~4
4 4

0.78+0.10

0 to 1

0.8 to 10
0.50+0.11
0.46 + 0.10

0.30 +0.07

0.32+0.10 0 to ~ 0.34 + 0.06

&0.25 0.47 +0.07
0.42 ~ 0.07

&0.39

0.15+0.13 0.0 to 0.3 0.5 +0.3

1493 -0.02 ~ 0.14 0.09 +0.11 4~4 1 2

(6 = —0,6)

&0.15 ~0 5 &0.45

1555 0.10 + 0.03

0.32+ 0.05

-0.04 ~0.05

0.03 + 0.09

4~2
4~2

0.20+0.05 0.11+00.if

0,63+0.10 &0.16

0,86 +0,10 p, 52+0 g2

0.40+0.06 &0.45

~ There are two 183 y rays. The observed A.&& are consistent with the listed spin assignments which were derived from
other transitions.
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N=5 10

8
y+
6+
6+

4 d = l2
4+
p+
2+
2+
0+

8+

6
5+
0+

1534.5-keV state also agree with results from
"'Ag decay investigations. ~

The 757-620-1018-719 cascade is a relatively
weak chain, except for the 1018-keV transition
which is strongly fed by high-energy y rays fol-
lowing the (a, n) reaction. The 1018-keV transi-
tion, leading to the 1276-keV state with I=4', has
a directional distribution that is characteristic
for a 6- 4, I, = 2 transition. The a~'s and the o/I
values all indicate I, =6 (compare with the 835-keV
transition in Table IV). The absence of a cross-
over transition to the 556.4-keV, I= 2' state cor-
roborates this interpretation. The interpretation
of the practically isotropic distribution of the 620-
keV y radiation requires that this transition is a
mixed L=1 and L=2 multipole with 5=-5.0. The
757-keV transition is either an L = 1, 5- 5 or,
more likely an L = 2, 7 - 5 transition.

Table VI lists the directional distribution data
and the interpretation of the remaining y transi-
tions which are not members of extensive chains.
All these transitions are weak. It is interesting
to note that the analysis of the data in Table VI
gives consistent results in all cases where spin
assignments have already been established on the
basis of the earlier discussions.

VII. CONCLUSIONS

In the present work emphasis has been placed on

producing states of high angular momentum in
"'Pd. States of low angular momentum are not
easily populated in (heavy ion, xn) reactions. Thus
in the interpretation of our results it must be re-
membered that many states with low angular mo-
mentum may be missing from'the proposed level
scheme.

In view of the strongly excited (10)-8-6-4-2-0
chain in "'Pd the interpretation of these levels in
terms of a quasirotational ground-state band is
tempting. The energies of the excited states, how-
ever, are very different from the energies El
= (5'/28o)I(I+1), predicted by the simple rotation-
al model. Taking higher-order corrections into
account Harris'4 generalized the simple rotational
model and predicted the energies from the equa-
tions

E = —,~'(8, + 3C~'),

N=5 6+

4+
2+
2

4+
p+

2+
p+

a=8

d&5

[I(I+ 1)] '"= (u(8, + 2C&a') .

Eliminating co from these two equations, a cubic
equation is obtained for E with 8, and C as param-
eters (variable moment of inertia model). " A

least-squares fit to this equation for the observed
energies of the ' 'Pd "quasirotational" levels gives
8,=8.8x 10 ' C=6.22&10 In fact, if one sets
Sp 0 one obtains the simple equation

Ez = const [I(I+1)]' '

N~2 4+ 2+

p+

N =I 2+

N =0 0

FIG. 10. Qualitative representation of vibrational
states for multiplets with phonon numbers N up to
N =5. Possible angular momenta are indicated. The
ordering of angular momenta within a given multiple
is arbitrary.

which gives a good fit for the energies of the "'Pd
"quasirotational" band.

The question arises, however, whether for a nu-
cleus with 8,=0 it makes sense to talk about quasi-
rotational levels, a concept which is based, in this
case, entirely on the existence of a (10)-8-6-4-2-0
spin sequence. The quasirotational-band concept
is particularly doubtful in the present case, where
a very large number of states are present at low
excitation energies besides the "quasirotational"
levels.

A second approach is to interpret the excited
states of ' 'Pd in terms of a vibrational model,
where the degeneracy of the phonon multiplets is
removed by some additional interaction (slight an-
harmonicity, small rotational perturbation in the
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higher phonon state, etc.). Figure 10 shows the
angular momenta. of the vibrational states for the

various multiplets with phonon numbers N up to N
=6. A comparison of Pig. 10 with the level scheme
of Fig. 6 shows a crude correspondence. The rela-
tively large number of I=4' and 6' states is easily
understandable on the basis of the vibrational mod-
el. The absence of 0+ states in the level scheme of
'"'Pd is to be expected, because these levels are
not populated in an (o., xn) reaction.

The strong (10)-8-6-4-2-0 chain is naturally ex-
plained by the fact that the ~ Pd nucleus in the
(a, xn) reaction is produced in a high angular mo-
mentum state; hence, the deexcitation proceeds
through the emission of y rays which choose the
highest angular momentum state available in each
vibrational multiplet, giving the resemblance of a
quasirotational cascade as far as angular momen-
tum is concerned.

However, there are several problems with a vi-
brational interpretation. In a strictly vibrational
nucl~u~

I A%I -2 transitions are forbidden for E2
transitions; M1 transitions are forbidden for any

The existence of AN= 2 transitions in "'Pd,
e.g. , the 1534-, 1555-, 1582-, 1745-, and 17O7-
keV transitions, is a problem. Such crossover
transitions do exist in many vibrational nuclei in-

dicating that the vibrational picture is far from
perfect. The regular energy spacing in the domi-
nant chain cannot be explained.

The best description of '"Pd may require a suit-
able microscopic model. Such a description may
be very complicated. Many of the features of the
level scheme, however, can be qualitatively under-
stood by considering linear combinations of two-
quasiparticle configurations. If the available shell-
model orbits are limited to those in the N= 5 shell,
the highest spin state allowed is a 10' state con-
sisting of a pure (h»„)' configuration. The rela-
tive number of 8', 7', 6', 5', and 4' states is also
approximately correct. The strong (10)-8-6-4-2-0
chain might be understood as connecting states
with strong (k»„)' components. Specific calcula-
tions on "'Pd have not been performed, but a sim-
ple microscopic model might be very useful.

At the present time it must be concluded that no
simple model describes the states observed in
"'Pd. It seems to be neither strictly rotational nor
vibrational. A more complete set of data is needed
in order to make further conclusions. Neverthe-
less, it is obvious that this neutron-deficient Pd
isotope exhibits many interesting properties, and
merits further study.
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