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States excited by the Ru(e, 2ny)' 'Pd, "Sr('0, 3ny)'O'Pd, and ~'Zr("C, 3ny)'O'Pd reactions have

been studied by measuring the y-ray yield as a function of incident projectile energy, y-y coincidences,

y-ray angular distributions, and y-ray linear polarizations. Three intense y-ray cascades were observed.

These cascades are produced by quasirotational bands built on the 5/2+, 7/2+, and 11/2 intrinsic

states of the nucleus. A decay scheme is given which includes states with energy up to 6488 keV and

angular momentum up to 35/2. The quasirotational bands seen in ' 'Pd are strut&ar to the bands in the

adjacent evenwven nuclei which suggests that this odd-A nucleus can be described as a particle
decoupled from an even-even core. A cascade of seven y rays in '~Rh was also observed foHowing the

'. Zr("C, p n)'O'Rh reaction.

NUCLEAR REACTION s Ru(o,', 2e p), 8 =16-24 MeV; +Zr(2C, 3g y), E =45-
56 Mev. "Sr("O 3nq) S =56-64 MeV measured ~(Z~y, y-q coin, ~(e)q,

linear P; deduced decay scheme, J,x.

I. INTRODUCTION

In recent experiments' ' using (heavy ion, xn)
reactions strong y-ray cascades were found in
the neutron deficient, even-even nuclei '"Pd,
'"Pd, and '~Pd. Similar cascades had previously
been observed' in even-even Hu and Mo nuclei.
The sets of states involved in these cascades are
reminiscent of ground-state rotational bands in
strongly deformed nuclei in that they exhibit a
0', 2', 4', . . . spin sequence; however, the ro-
tational J(1+I) energy spacings are not followed.
Instead the energy spacings are in good agreement
with the variable moment of inertia (VMI) inter-
pretation' of a "soft" nucleus with a small deforma-
tion which increases with increasing I. Since the
states are apparently collective, it is natural to
think of them as being members of bands which
are "quasirotational. " That is, the Mode of ex-
cltRtion CRQ be intel px'eted Rs R x'otation even
though the nuclear deformation is neither large
nox' rigid.

It is interesting to look for similar collective
excitations in odd-A nuclei. No clear-cut evi-
dence for quasirotational bands was found in a
series of Mo and Ru nuclei which were studied
by Lederer, Jaklevic, and Hollander. ' In a pre-
liminary report' we have described three well-
developed quasirotatiogal bands in "'Pd built on
the f', $', and ~ intrinsic states. These band
heads have been shown' to be relatively pure
single-particle states. The similarity between
the ground state (v' ) band in "'Pd and the quasi-
rotational ground state band in '~Pd' suggest that

' 'Pd can be described Rs R pRrticle coupled to a
'~pd core. Since there is a difference in angular
momentum of 2 units between successive states
in the bands, it is evident that the particle is not
strongly coupled to the core.

This paper presents an extensive report on our
' 'Pd experiments and results. Additional data
and analysis have added several new states to
the bands previously reported, ' have removed un-
certainties in several angular momenta assign-
ments, and'have set better limits on the intensity
nf transitions between the bands. Two alternate
approaches to particle-core coupling will, be con-
sidered in Sec. IV.

We have performed in-beam y-ray experiments
with the following three reactions: 99Ru(a, 2n)-
"'Pd "Zr("C 3n)'"Pd and "Sr("0 3n)' 'Pd.
The experiments included the observation of y-ray
yields as a function of incident projectile energy
(excitation functions), y-y coincidences, y-ray
angular distributions, and y-ray linear polariza-
tions. The excitation functions were used to assign
the intense y rays to a particular isotope. Then
the coincidence measurements were used to as-
sign other y rays to the identified nuclei Rnd to
determine the decay scheme. The y-ray angular
distx ibutions Rnd linear polarization measurements
were used to determine the multipole character
of the y rays and to assign angular momenta to
the nuclear states.

II. EXPERIMENTAL TECHNIQUE

A. General

The heavy ions were accelerated in the Purdue

ea4
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FN tandem Van de Graaff accelerator. The "Ru
targets were prepared by evaporating metallic
Ru (98% enriched) from a cold crucible and con-
densing the Ru as a thin film (-100 y.g/cm*) on a
70-pg/cm' carbon backing to make the "Ru tar-
get. The enriched "Sr (99%) was reduced from
SrO by heating a SrO-Th mixture in vacuum. The
'Sr targets were made by evaporating a thin film

(-200 pg/cm') of Sr metal onto a Au backing
(-10 mg/cm'). A Au covering film (-2 mg/cm')
was evaporated on top of the Sr to protect it from
oxidation when the target was exposed to air. The
"Zr was obtained from Oak Ridge National Lab-
oratory as an enriched (96%), rolled foil of 3.6-
mg/cm' thickness. Since the Ru and Sr targets
were relatively thin, the target backings produced
a significant amount of background radiation. The
Zr targets were superior in this respect since
they were relatively thick and had no backings.

Several Ge(Li) detectors were used in the ex-
periments. The energy resolution varied from
2.1 to 2.7 keV. Seven well-known y rays from
121.9V to 1332.48 keV were used to determine the
four coefficients of a third power polynomial ex-
pression for the y-ray energy calibration curve.
The rms deviation of the calibration lines from
the polynomial was 0.04 keV. The calibration
sources were present when the energy of the '"Pd
y rays was measured, so the results were not
affected by gain shifts.

Two small chambers were used in the experi-
ments. The angular distribution chamber dif-
fered from the general purpose chamber in that
it did not have an exit pipe so the detector could
be positioned on both sides of the beam line and
at 0 . When this chamber was used, the beam was
stopped by a Au foil located immediately behind
the target.

B. Excitation functions

The detector was positioned at approximately
145' with respect to the beam direction so that
neutron damage to the Ge(Li) detector would be
minimal.

A detailed description of the procedure used to
correct for dead-time and pileup losses and to
normalize to unit beam current has been given
previously. ' A pulser, which is driven by the digi-
tal output of the current integrator, was connected
to the system such that it suffered the same losses
as the detector. The area of the pulser peak in
the y-ray spectrum was used to correct and nor-
malize the area of all the y-ray peaks. The cor-
rection system has been shown to have an accu-
racy of better than 0.5%. The singles counting
rate was typically 15 X10' counts/sec and the
counting rate losses were approximately 30%.

C. Coincidence measurements

The two Ge(Li) detectors were located at -90
and +145' with respect to the beam axis. The
coincidence electronic system' recorded true
and chance coincidences simultaneously. A num-
ber of time pickoff devices were used with the
Ge(Li) detectors. By far the best results were
obtained with a pair of "snap-off" discriminators
(Elscint model STD-N-1). (There is one subtle
point in obtaining good results with these dis-
criminators. When the snap-off diode bias is
adjusted to optimize the time resolution, the
part of the case which covers the foil side of the
printed circuit board must be left in place. Re-
moving this cover has a very adverse effect on
the performance of the instrument).

The coincidence system had the following typical
performance characteristics: coincidence resolv-
ing time 27 =50 nsec, true-to-chance ratio T/C
=30:1. Coincidence rates were approximately
10' counts/sec. (A coincidence rate of 10' might
seem high with a singles rate of 15 x10', but it
occurs because so many coincidence combinations
are possible. )

The coincidence events were processed and
stored by a PDP 15/40 computer. All coinci-
dence events were stored on magnetic tape during
the first phase of the experiment. At the same
time a coincidence-spectrum projection was
stored in core for each detector. (A projection
has all of the y rays in one detector which were
coincident with any y ray in the other detector. )
After enough data had been accumulated to de-
termine which y rays were present in the coinci-
dence projections, digital windows were set to
exclude those parts of the A-detector spectrum
which were clearly of no interest.

Normalization of the coincidence data was im-
portant so that it could be used to help establish
the relative intensity of the transitions. When
the storage tapes were searched, the analog-to-
digital-converter-A (ADC-A) projection was used
to set digital windows on peaks and on the cor-
responding backgrounds. A skewed Gaussian line
shape was fitted to each peak in the projection so
that the fraction of the peak that was contained in
the window could be computed. The product of the
efficiency of the two detectors was also used to
normalize the coincidence data. A spectrum of
all the y rays recorded in detector B was recon-
structed in the tape search for each peak and each
background window. A consistent scheme was
used to look for all possible y rays in each of
these spectra. The dominant y rays were se-
lected from the B-ADC projection. After the
major features of the decay scheme were estab-
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lished, all the spectra were reexamined for weak

y rays —particularly for those emitted in crossing
transitions between bands.

A number of procedures were considered before
a good way was developed to record quickly and

accurately the area of peaks which have poor sta-
tistics. Strong, clean peaks in the B-ADC pro-
jection were used to measure the change in the
skewness and width of the peaks as a function of
the energy deposited in the detector. Then these
parameters were calculated and a skewed Gaussian
was fitted for position and height to each peak (or
suspected peak) in all spectra. For each y ray,
the area in the background spectrum was sub-
tracted from the area in the peak spectrum.

Accurate chance-coincidence corrections, which

were needed to set good limits on weak transi-
tions, were possible because the true-to-chance
coincidence ratio was good (&30: 1) and the chance
events were recorded simultaneously with the
true events. The chance events were subtracted
from the true events as the data was read from
the storage tapes.

The coincidence counting rate was large, so
storage tapes were filled rather quickly. It took
about half as much time to read the storage tapes
once as it did to take the data. Since we could
reconstruct 127 2048-channel spectra simulta-
neously on a disk, only one pass through the stor-
age tapes was necessary.

tion of the monitor detector counting rate (0.3')
was used to set a lozoex limit on the uncertainty
that was assigned to all counting rates. The moni-
tor detector was n«used to normalize the angu-
lar distribution data, but instead it was an inde-
pendent check on the normalization procedure
which has been described briefly in Sec. IIB and

in detail in Ref. 3.
The target-to-detector distance was 6.3 cm.

The geometrical correction factors coefficients
were Q2 =0.95 and Q4=0.84 for y rays with energy
above 500 keV. The Q, were corrected for small
changes at lower energies. The target was lo-
cated at a 60' angle with respect to the beam line.
The detector was positioned at nine evenly spaced
angles from +90 to -30' with respect to the beam
line. Three complete cycles were made with 15-
min live counting periods at each angle. The rms
deviation of the three repeated measurements was

also used as a lower limit on the accuracy as-
signed to the average of the three runs.

l00—

667 keV

( C,3n)

80

D. '
Angular distributions 70

The angular distribution experiment was per-
formed with the reaction "Zr("C, 3n)'"Pd at 48
MeV. A layer of Au (5 mg/cm') was vacuum

evaporated onto the back of the Zr foil target to
prevent Pd nuclei from recoiling out of the target.
The nuclear lifetimes are so short that Doppler
shifts would occur for ions recoiling in space,
and the angular distributions would be distorted.
A 2.5 x10 '-mm-thick Au foil was placed imme-
diately behind the target to stop the incident beam
since the angular distribution chamber does not
have a beam exit line.

The beam was defined by two collimators; 2.4
and 12 mm at a distance of 0.25 and 2 m from the

target, respectively. Beam centering was checked
to better than 0.6% by measuring the angular dis-
tribution of y rays from radioactivity produced in

the target. As a check on alignment, the angular
distributions were all fitted with the angle 8, be-
tween the table and the beam direction left as a
free parameter. It was found to be (-1.3+0.6)'.
Beam wobble during the experiment was checked
with a Ge(Li) monitor detector located at -90'
with respect to the beam axis. The rms devia-
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FIG. 1. p-ray yield as a function of incident projectile
energy when Zr is bombarded with C. The primary
reaction is Zr( C, 3g) +Pd, but a number of important
competing reactions are also shown for comparison. The
average energy of the projectile in the target was approx-
imately 3 MeV lower thorn that shown in the figure.
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K. Linear polarization

The linear-polarization measurements were
performed in collaboration with Lee and Kim of
John Hopkins Univex sity and Hardy of Florida
International University. The polarization-spec-
trometer provided by Lee consists of two coaxial
Ge(Li) detectors mounted in a rotating cryostat.
The output signals from the two crystals were
added and an event was accepted only if there was
a coincidence between the two crystals. Since the
probability of Compton scattering from one crystal
to the other depends on the linear polarization of
the incident y ray, the coincidence counting rate
depends on whether the two crystals are orientated
perpendicular or parallel to the beam line. The
two-crystal combination gave approximately 4-
keV resolution at 1.33 MeV. Very good results
were obtained for 14 "'Pd y rays after a period
of 5 h with each detector counting at a rate of ap-
proximately 6 x10' counts/sec. This experimental
technique for measuring linear polarizations has
been described previously. ' The details of the
present linear polarization measurement wiQ be
presented in a subsequent publication. '

HI. RESULTS

A. Excitation function

The excitation function for the most important
nuclei which were produced when ~Zr was bom-
barded with "C are shown in Fig. 1. (The target
was relatively thick so the effective energy of the
projectile was approximately 3 MeV lower than
indicated on the energy axis of Fig. 1.) The curves
show the relative intensity of the dominant ground-
state transitions as a function of incident projectile
energy. Both of the strong ground-state transi-
tions in "'Pd (667 and 261 keV) are shown. In the
energy range from 45 to 56 MeV the ("C, Sn}"'Pd
reaction is clearly most probable. However the
competition from ("C, 2n}'"Pd, ('*C, 4n)'OOPd,

("C,n 2n)"Ru, ("C an)' Ru and ("C Pn)'"Rh
was quite significant. Since ' 'Pd, ' "'Pd, ' "Ru, '
and "Ru' had all been studied previously, these
competing reactions were easily identified.

The assignment of the 544-keV y ray (and a
cascade which is ia coincidence with it) to "'Rh
was more difficult because very little is known
about this nucleus. It is easy to see that there is
a significant difference between the excitation
function for this y ray and the ones for ' 'Pd y
rays. It is evident that the 544-keV y-ray excita-
tion function does not rise as steeply as the '"Pd
or ' Ru excitation functions. Furthermore the

I

previous experiments'4 ' on these nuclei show
no evidence of a 544-keV y ray. Therefore it ap-
pears that this y ray is emitted following a
("C,pxs) reaction. Since the ("C,a 2s) reaction
has an angular-momentum and Q-value advantage
over the ("C,P2n) reaction, the 544 keV excita-
tion function appears to be peaking too early to be
caused by the latter process. Thus the most likely
choice is that the 544-keV y ray is produced in
the reaction "Zr("C,pn)'"Rh T.here are two in-
dependent confirmations of this assignment. %hen

Zr is boIDbarded with C ions» the 544-keV
y ray is first seen at 53 MeV and its intensity in-
creases dramatically as the energy is increased
to 56 MeV. This energy dependence is quite rea-
sonable for the "Zr("C,P2n)"'Rh reaction. Fur-
thermore, a state has been seen" at 544 keV in
the '"Rh(P, d)'"Rh reaction.

Our coincidence and angular-distribution ex-
periments were run at 48 MeV to minimize the
background from competing reactions. The
("C,2n} excitation function, which is partially
shown in Fig. 1, does not rise significantly below
45 MeV. The Coulomb barrier of the target nu-
cleus makes the total cross section drop before
the 2n process becomes dominant over the 3n pro-
cess. There is a significant change in the ("C, Sn)
excitation function when a target with two neutrons
less is used. The "Zr("C, Sn)QQPd excitation func-
tion" is still rising at 56 MeV, and the 'OZr

("C,2n)"'Pd excitation function peaks at approxi-
mately 49 MeV. The shift in the excitation func-
tion- for a target with two more neutrons is not as
dramatic. The "Zr("C, Sn)"'Pd excitation func-
tion" peaks at approxima, tely 50 MeV.

The excitation function for the "Ru(a, xn) reac-
tion has been given previously. ' The (o., n) reac-
tion peaks at 18 MeV and then drops while the
(o, , 2n) reaction rises to 25 MeV (and presumably
higher). It is very easy to distinguish between the
(a, n) and (n, 2n) excitation functions. The distinc-
tion between the 3n and the other reactions was
not quite clear when "O rather than "C was used
as a projectile. The ("0,Sn) reaction continued
to rise in the energy interval from 52 to 64 MeV.
The other reactions had similar excitation func-
tions to those shown in Fig. 1. That i.s, the
("0,2n) drops in the interval from 52 to 64 MeV,
the ("0,P-s) has a shape very similar to the
("0,Sn), and the ("0,ct 2n) rises about twice as
fast as the ("0,Sn). The ("0,4n) first appears
at 58 MeV and its yield doubles every 2 MeV up
to 64 MeV.

B. Coincidence measurements

The y rays listed in Table I are all in coinci-
dence with several y rays which had been uniquely
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assigned to "'Pd by the n, "C, and "O excitation
functions. The relative y-ray intensities for the
three reactions given in columns 3, 4, and 5 were
obtained by combining singles and coincidence
rates. The intensity of the 667-keV y ray has
been set equal to 100 for all three reactions. We
have listed uncertainties only for the "C reaction
where we have complete experimental data. The
sixth column gives the energy of relatively in-
tense background y rays which interfered with
"'Pd lines. The next two columns give the in-
tensity of the background lines for the o. and "C
reactions. ("0would be similar to "C.) The
nuclei which emit the background y rays are given
in the ninth column. The last column gives the
source of information for the background y rays.

Our results for the 736-keV y ray were unusual
because the singles and coincidence experiments
did not agree. In the "C experiment the intensi-
ties derived from the singles and coincidences
were 61 and 41 respectively, while in the "0ex-
periment they were 56 and 42. We found no evi-
dence in the coincidence data or excitation function
to indicate that we were seeing a second 736-keV
y ray in another nucleus. Our results are con-
sistent with a state at 736 keV which decays di-
rectly to the ground state and thus does not appear
in the coincidence data. A weak, low-spin state
(I= —,

' or $) at approximately this energy was seen
in the '"Pd(d, f)to'Pd experiment. ' If such a
state is present, its energy cannot differ more
than 0.2 keV from 736.2 keV because there was

very little if any extra width observed for the
736-keV peak.

Since there is less interference following the a
reaction than the C and 0 reactions, it might
appear that the (a, 2n) reaction was the best. meth-
od of producing "'Pd. However, there is a dis-
advantage to using the (n, 2n) reaction. A 24-MeV
a particle can penetrate the Coulomb barrier of
all the high-Z materials which are available for
collimators and beam stops. Thus special pre-
cautions are required to reduce this source of
background radiation and neutrons, One should
also be aware that the (n, xn) reaction is much

less effective than (heavy ion, xn) reactions for
exciting quasirotational bands in some nuclei. "

The decay scheme of "'Pd is shown in Fig. 2.
We have observed three intense y-ray cascades
which account for more than 80%%uo of the y-ray
intensity that can be associated with "'Pd. The
relative intensities illustrated in the decay scheme
are for the ("C, 3n) reaction at 48 MeV. The order
of the y rays in a cascade were established pri-
marily by the intensities seen in the coincidence
experiments.

Several features of the coincidence data re-
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FIG. 2. Decay scheme of Pd observed following the
reaction StZr(tC, sn)t+Pd using 48-MeV ttC.

quire comment. There are apparently two y rays
in the ~7 cascade with an energy approximately
equal to 904 keV. We reached this conclusion be-
cause there was a 904-keV peak in the 904-keV
coincidence spectrum with a normalized area of
approximately haU the normalized area of the
260, 678, and 878 peaks. It is not possible to
determine the precise energy of the 904-keV tran-
sition because of the background lines listed in
Table I.

There is some uncertainty in the location of the
1074- and 1084-keV transitions. The combined
result for all coincidence events between the 1074-
keV y ray and the 972-, 911-, and 891-keV y rays
is 270~150 counts, so its location is probably that
given in Fig. 2. Nevertheless, it is possible that
the 1074-keV y ray is a side branch feeding the
cascade at some other point above the 2641-keV
level. There is less uncertainty in the location
of the 1084-keV y ray. It is in coincidence with
all other y rays in the —,

"cascade, and the num-
ber of 1084-947-keV coincidence events observed
(210a 84) is substantial.

There are significant differences in the y-ray
yields following the three reactions. Notice in
Table I that the top states were observed only .
with the "C reaction. The absence of these states
following the n-particle reaction is probably due
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to ~Pe limited angular momentum brought in.
Weak, high-energy y rays were difficult to ob-
serve in the ' 0 experiment because the Sr tar-
get was thin. It is also interesting to note that,
compared to the ground-state transition, the ex-
cited-state cascades were slightly less intense
following the a and "0 reactions than they were
following the "C reaction. The 261-keV y ray
was unusually intense following the a reaction,
indicating that this reaction was more effective
in populating low-lying intrinsic states of the nu-
cleus than "C or "O. The (a, 2n} coincidence
data were not good enough to locate these states.

The 544-keV y ray was assigned to '0 Rh on the
basis of its excitation function as discussed in
the preceding section. The coincidence experi-
ment showed that this y ray was the bottom mem-
ber of the seven-y-ray cascade presented in Ta-
ble II. The intensities are given relative to the
544-keV y ray (which is only 0.16 as intense as
the 67'I-keV y ray}. The angular distribution co-
efficients (defined in Sec. III C} are given in col-

umns 4 and 5. The four lower transitions in the
cascade are electric quadrupoles while the upper
transitions are magnetic dipoles with the possi-
bility of some E2 mixture.

The absence of transitions between states in
different cascades is important evidence that the
cascades are produced by collective excitations
built on the band heads. The coincidence data
which are pertinent to this question are presented
in Table III. Transitions which would be inhibited
by angular momentum selection rules were not
considered. Instead we looked for cases where
E1 or M1 transitions between cascades could com-
pete with the E2 cascade transitions. The first
column gives the energy of the initial and final
states for the transition being considered. The
second column gives the energy the y ray would
have if present. The results given in the third
column are the average number of coincident
events that were observed when all possible coin-
cidence combinations were considered. For ex-
ample, the result for the transition from the 2207-

TABLE I. y rays emitted from Pd following (heavy ion, xn) reactions and important
background y rays.

~o~pd y ray
Energy
(keV)

E bE

Intensity of Pd
y rays following

(n, 2m) '6Q, 3n C, 3'
at at at

25 MeV 56 MeV 48 MeV

Background y rays which
inter fere with 'Pd

intensity
E e, xn C, xg Origin Ref.

260.96 0.05
271.67 0.07
390.90 0.07
398.56 0.07
405.2 9 0.05
464.5 0.2

555.54 0.1
657.07 0.05
667.22 0.05
670.17 0.05
677.93 0.05
736.2 0.2
748.2 0.2

78

33
9

100
38
46
44
15

45

26
23

100
41
40
42
20

77 +5
2.2+ 1.4
2.4+ 1.0
3.5+ 1.3

. 8.3+1.5
3.5 ~1.4

49 +4
31 ~3

100
58 +5
45 *5
41 +4
36 +4

544.2
556 4 17

655.3

745.6
750.5

18
19

10

23.4
9

' Rh text
'o'I d 1,3

iOOPd

98Ru 4
Pd 1

804.02 0.05
877.67 0.05

891.04 0.1

904.4A 1.0
904.4B 1.0
910.78 0.1
947.47 0.05
971.56 0.1

1073.7 0.5
1084.4 0.2

21
22

22

31
22

14

18

38 +3
29 +3

22 k2

19 ~5
19 +5
15 +2
22 +3

9 +1.5
3.5+1

+1

874.5
875.5
892.0
892.4
904.0
901.7

945.4
972.0

1073

2.1
0.8
2
1.9
7.5
9

988u 4
Pd 1

OOPd 1'"Id
"Ru 4
'"Pd 1,3

1 OOPd 1
08 9Ru 6
0.4 '"Pd
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keV state to the 1817-keV state mas obtained by
combining the following coincidence events: the
391-keV y ray with the 657-, 947-, and 878-keV
y rays; and the 878-keV y ray with the 657- and
947-keV y rays. The 947-878-keV coincidence
data, were included in evaluating the 2208- to 1817-
keV transition because we had found that the 2865-
to 2721-keV transition was not present.

The multipolarity of the crossing transition is
given in column 5. If there is a parity change,
the transition is certainly an El. (Potential M2
or E3 transitions are not included in the table
because they would not compete with an E2 transi-
tion even if the states in the band were not collec-
tive. ) When there is no parity change the transi-
tion is labeled M1-E2 mixed unless the y ray was
observed in the angular distribution experiment
to be primarily M1. The experimental branching
ratios mex e calculated using the intensities from
Table I and column 4 of Table II. The theoretical
branching ratios were taken from %eisskopf
single-particle estimates. " %hen the M1-E2
mixing ratio was not known, the transition was
assumed to be M1. Since E1 transitions gener-
ally are much slower than single-paxticle esti-
mates, a hindrance factor of 10' was included in
the single-particle estimates for E1 y rays. The
comparison of the experimental and theoxetical
branching ratios clearly shows that the overlap
of wave functions is much larger between states
in a cascade than for states in different cascades.

TABLE D. y rays emitted following the reaction
~~Zr(~2C, p-n)i+Rh. These y rays are members of a
single cascade. The angular distribution parameters
+22 and A44 are defined in Eq. 1.

Relative
Z A E intensity Multlyolari ty

18/.0 0.2
305.9 0.3
319.6 0.3
355.21 0.05
544.21 0.05
705.4 0.10
782.84 0.05

28+ 3
28+ 3
20+ 3
86+ 15

100
75+ 10
45+ 6

-0.155+ 0.016 -0.007+ 0.021 M1{E2)
Masked by strong 306.3 keV line in singles
-0,142 + 0„046 + 0.118+0.067 M1-E2

0,323 + 0.014 -0.094 + 0.017 E2
0.216+ 0,018 -0.077 + 0.026 E2
0.402 + 0.019 -0.160+ 0.024 E2
0.364 + 0.038 -0.062+ 0.046 E2

C. Angular distributions

The observed angular distribution of the y rays
emitted from a partially aligned nucleus can be
expressed in the following form":

W(8) = 1 + Q,A»P~(cos 8) + Q,A«P, (cos 8), (1)

where the Q~. are sobd-angle correction factors
and the P, are Legendre polynomials. The angular
distx'ibution coefficients A» can be expressed as
products of the y distribution coefficient A, (y) and
the parameters B,(I) that describe the (axially

symmetric) orientation of the nuclear state I:
&ca =Bc(I)&a(r).

For pure multipole radiation, A, (y) is simply an
E coefficient. If only orbital angular momentum
is transferred to the nucleus in a reaction and
no angular momentum is carried away by emitted
particles or y rays, only m =0 states are popu-
lated and

B,'(I) =(-1) (2I+1)'"(IOIOiM) . (3)

ln general, the actual B,(I) are smaller than B» (I)
because of neutron emission etc., and an attenua-
tion factor e, (~1) can be defined by

Ba(I) = &a Ba . (4)

For a pure multipole y transition o., can be deter-
mined from

A»(observed)
Ba(iÃa

if the spin I of the nuclear states are known.
Tables of B'„(I)E, have been prepared by Yama-
zaki. ' Once a~(I, ) is known for a state I„a~(E&)
can be determined for a state Iz which is formed
by a pure multipole transition L from the state
Iq,

aa(Iy )Ba(Iy ) = sa(II I Iy )aa(Ig )Ba(I( ) .
The deorientation coefficients u, have also been
tabulated. " In practice there are usually other
transitions which also feed the final state I&.

Nevertheless, the u, coefficients are still useful
to see if the general trend towaxd deorientation
is consistent with theoretical predictions.

A second important consistency check can be
made by assuming that the distribution of the
initial m -substate population is Gaussian. Then
the value of n, is not very dependent on the angu-
lar momentum I, of the initial state, but rather
is primarily determined by the relative width
(o/I, ) of the Gaussian distribution. ' The correct
value of o is not easy to estimate [except for the
special case represented by Eq. (6)), but obvi-
ously the same value applies for a, and o,. Curves
have been presented' "mhich make it easy to
check if the observed value of n, and o., for a
transition are consistent —i.e., correspond to a
single value of (cr/I; ).

The results of the angulax distribution experi-
ments and the analysis outlined above are given
in Table IV. The y rays are listed by their posi-
tion in the cascades in descending order so that
the consistent pattern of deorientation is easy to
see. The experimental values of the angular dis-
tribution coefficients A~ and A44 are given in
columns 3 and 4. A» and A«were determined
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from a least-square fit of Eq. (l) to the experi-
mental data points. The uncertainties were taken
as the diagonal elements of the error matrix ob-
tained from the least-square fit. The spin assign-
ments are given in column 5. The angular distri-
bution results by themselves leave an ambiguity
in all of the ~I= 2, E2 transition assignments.
The experimental results are also consistent with
b, I=0, M1-E2 mixed transitions. This ambiguity
is removed by the linear polarization measure-
ments which will be presented next, so the AI=0
possibility is not included in Table III. The theo-
retical values of B'„F, for pure transitions are
given in columns 5 and 6. The procedure for ana-
lyzing mixed transitions, where A, (y) depends on
the mixing ratio (5, will be discussed later in this
section. The attenuation coefficient n,' which
would be expected if the initial state for the tran-
sition were fed only by the preceding transition
in the cascade is given in column 7 [see Eq. (5)J.
The actual attenuation coefficients [from Eq. (5)]
are given in the next two columns. Finally, the
last two columns list the range of a/I values com-
puted from the observed values of ca~ under the
assumption that the distribution of the m states
can be approximated by a Gaussian.

The 5-mg/cm' Au backing on the ~Zr target
was necessary to reduce Doppler shift distortion
of the angular distributions. For example, when
the Pd nuclei were permitted to recoil out of the
target, the values observed for the 556-keV y ray
were A» =0.20+0.02 and A,4 =-0.10+0.03 com-
pared to the results given in Table IV, A» =0.322
and A44 = -0.114. When the detector was positioned
at forward angles, events were lost from a peak
if the nucleus was moving when the y ray was
emitted. The loss of counts at forward angles
caused A» to appear small and A44 to appear j.arge
relative to A„.

Even though there was a Au layer on the back
of the target, there is still evidence that Doppler
shift occurred for y rays at the top of the cascades.
In the '-,' cascade the lower three y rays have the
angular distributions that one would expect when
very little Doppler shift was present. The values
of A» and A44 are consistent for the 748- and
556-keV transitions; that is, the observed attenua-
tion coefficients a, and n, correspond to approxi-
mately the same value of o/I. The values of a,
observed for the 556- and 670-keV transitions
are in good agreement with the values of o.,' pre-
dicted from the 748- and 556-keV transitions re-

TABLE III. Analysis of coincidence data to investigate crossing transitions between bands
in 'Pd. The theoretical values for the cascade-E2-to-band-crossing-y-ray branching
ratio were calculated from single-particle estimates with a hindrance factor of 103 included
for E1 transitions. (The seemingly negative numbers are the result of the background sub-
traction) .

Ey

Average
coincidence

events
Relative
intensity Multipolarity

Branching
ratio for E;
I (E2)/I (C)

Exp. Theory

5414.5
4896.4
4443.0
3812.0
3812.0
3625
3532.2
2864.5
2864.5
2721
2721
2641.1
2207.4
2207.4
1892.9
1892.9
1816.6
1403.4
1403.4
1337.39
938.89
667.22

4896.4
4443.0
3812.0
3625
3532.2
3532.2
2864.5
2721
2641.1
2641.1
2207.4
2207.4
1892.9
1816.6
1816.6
1403.4
1403.4
1337.4
938.89
938.89
667,22
260.96

518.1
453.4
631.0
187
279.8

93
667.7
144
223.4

80
514
433.7
314.5
390.8

76.3
489.5
413.2

66.0
464.5
398.50
271.67
406.26

-8~18
-29~ 21
-14~ 22

9+10
-26 + 20
-6+ 8

-38+ 50
-10~ 5

1~15
-4+ 5

-31+30
8+22

-12+18
46+18
-4+ 5
25+32
15+25
8+36

66+ 26
66+25
41+26

157+28

&Q.5
0.0

&0.4
&1.0
0.0

&0.1
&0.6
0.0

&0.8
&0,1
0.0

&1.6
&0.3
2.4+ 1.0

&Q.1
&3.0
&2.1
&2.3
3.5*1.4
3.5 *1.3
2.2 + 1.4
8.3 + 1.5

E1
E1
E1

M1-E2
E1
E1
E1

M1-E2
E1
E1

M1-E2
E1
E1

M1-E2
E1
E1

M1-E2
E1

M1-E2
E1

M1-E2
M1-E2

&18 0.1
0.1

&38 0.1
&22 0.3

oo Q]
&190 20

&33 0.1
0.06

&39 0.2
&190 20

0.01
&22 0.04

&127 0.2
16 0.01

&490 1
&16 0.01
&14 0.01
&18 10

12 0.01
17 0.1
20 0.01
12 0.01
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spectively. One would expect e, to decrease
going down a cascade because each successive
y ray causes further deorientation of the nucleus.
This pattern holds for the 748-, 556-, and 670-
keV transitions. Even though one does not expect
the Gaussian approximation for the e -state dis-
tribution to be perfect, the A~ and 244 for the
748- and 556-keV transitions show that the ap-
proximation is rather good. The observed at-
tenuation coefficients a, and 0.4 correspond to
similar values of o/1 using the assumed Gaussian
distribution. Therefore the angular distributions

for the 748-, 556-, and 670-keV y rays arp essen-
tially undistorted by Doppler shift, so the average
time interval between the formation of the com-
pound nucleus and the emission of the 748-keV
y ray must be longer than the time required for
the "'Pd nucleus to slow down in the target or in
the Au backing to a velocity where Doppler shift
was negligible. An upper limit on the slowing down
time of 1 psec was obtained by using range-energy
tables. i~

The 891- and 911-keV y rays show clear evidence
of Doppler shift. Notice that for both of these

TABLE IV. Analysts pf angular distributions pf p rays emitted following the reaction 2Zr(' C, 3n)' 'Pd using 48-MeV
i2C

Ey A22 A44 Ig «Iy B2F2 B4F4

Cascade
2

G2

0/I from
G2 014

911 0.220 + 0.024 -0.13 + 0.03

891 0.312+ 0.016 -0.145+0.025

748 0.346+ 0.010 -0.126+ 0.013

556 0.322+0.010 -0.114+0.013

670 -0.228 + 0.010 0.008+ 0.009

(t Q

pt
+t

Qi Qi
2 2

2 2

0.397 -0.152

0.404 -0.161

0,414 -0.175

0.51-0.61 0.66-1.0 0.37-0.44 0 -0.20

0,73-0,77 0.74-1.0 0.28-0.30 0 -0.16

0,81-0.88 0.65-0.79 0,20-0.26 0,15-0.21

0.429 -0.198 0.78-0.84 0.73-0.78 0.51-0.64 0.28-0.31 0.21-0.26

-(0.35 0.30) 0.69-0.73
6 =0+ 0.01

Cascade7+
2

904 0.378 + 0.013 -0.109a 0.017 ~ P 0.41 -0.17

878 0.304 + 0.013 -0.091 + 0.014 &2 ~2 0.429 -0.198 0.62-0.68

678 0.309+ 0.010 -0.091 + 0.011 ~2 i2 0.455 -0,242 0.64-0.69

261 -0.217+ 0,008 0,013 + 0.010 ~ & -(0.39 0.34) 0,58-0.62
6 =0+0.02

0.65-0.71 0.54-0.74 0.33-0.36 0.18-0.25

0.68-0.74 0,39-0.53 0.31-0.34 0.25-0.31

0.66-0.70 0.33-0.41 0.33-0.36 0.30-0.33

1084 0.20 + 0.04 -0.11 + 0.07

947 0.295 + 0.014 -0.054 + 0.027

657 0.343 + 0.011 -0.121+ 0.013

804 0,331+ 0.010 -0.102 + 0.011

736 0.319+ 0.009 -0.099+ 0.011

667 0.309+ 0.010 -0.091a 0,011

391 -0.28 + 0.04 -0.14 + 0,11

399 0.32 + 0.03 -0.05 + 0.05

406 -0.145+0.019 0,06 + 0.05

465 -0.05 +0.03 -0.06 +0.06

5
2 2

5
2 2

gi i7
2 2

tt tg

Q
2 2

2 2

Ji ji
2 2

ii ii
2 2

2 2

Qi ii
2 r

Cascade
2

0.394 -0.149

0.400 -0,157

0.41-0.61 0.27-1.0 0.37-0.52 0 -0.35

0.70-0.77 0.17-0.52 0.28-0.32 0.25-0,42

0.408 -0.168 0.69-0.76 0.81-0.87 0.64-0.80

0.420 -0.185 0.78-0.85 0.77-0.81 0.49-0.61

0.21-0,25 0.13-0,21

0.26-0.29 0.23-0.27

Crossing transitions

0.77-0.81
6 ~ 0.02

0.69-0.75
6~1

0.63-0.67
6 (0.1

0.70-0.75
6~ 0.3

-(0.42 0.3)
-0.06~

(0.39 0.46)
-0.2 ~

-(0.19 0.26)
0(

-(0.03 0.11)
0.07—

0.440 -0.216 0.73-0.77 0.70-0,75 0.41-0.51 0.31-0.34 0.27-0.30

0.476 -0.286 0.64-0.69 0.63-0.76 0,28-0.36 0.37-0.39 0.33-0.37
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transitions the values of o/I derived from o.~ and

e4 do not agree. Furthermore, n, is increasing
instead of decreasing for the 911-, 891-, 748-keV
y-ray sequence. These peculiar characteristics
occur because A» is small and A~ is large for the
911- and 891-keV transitions.

The angular distributions of the 911- and 748-
keV y rays are compared in Fig. 3. The data for
the 748-keV y ray is obviously in excellent agree-
ment with the fitted curve which corresponds to
the parameters listed in Table IV. The curve
shown with the 911-keV y-ray data is the result
expected if the orientation of the initial state in
the 911-keV transition is consistent with the
orientation of the initial state in the 748-keV tran-
sition. If the additional intensity observed for the
748-keV y ray is produced by direct feeding of
the initial state from the compound nucleus, then
the orientation of this state could be more com-
plete than the preceding states. However, in or-

ke

LLI

K

X

O
O
LLI0

LIJ
lX

748 k

-50 - I 5 0 15 30 45 60 75 90
ANGLE WITH RESPECT TO BEAM DIRECTION

FIG. 3. Comparison of the angular distributions of the
911- and 748-keV y rays emitted from Pd. The large
loss in counting rate at forward angles is probably due
to doppler shift of the 911-keV p ray.
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der to account for the large apparent increase
in alignment between the 911- and 748-keV tran-
sitions, the side feeding would have to come from
a relatively low-spin state (I& 14) that was al-
most completely aligned. Certainly low-spin
states are produced in the compound nucleus when
the projectile happens to be directed towards the
center of the nucleus, but there is no reason to
believe that these states would be much more
highly aligned after neutron emission than higher-
spin states. Even if this preferential alignment
hypothesis were correct, it would not explain the
lack of consistency between the A» and A~ of the
911- and 891-keV y rays. There is the possibility,
however, that our consistency test is not valid if
the assumed Gaussian distribution for the m states
is a bad approximation for the real distribution.
Thus it seems that Doppler shift is the most likely
explanation for the observed angular distributions
of the 911- and 891-keV y rays, but other possi-
bilities cannot be excluded.

We have carefully examined the shape of the 911-
keV peak in the y-ray spectra. There does appear
to be a shoulder on the high-energy side of the
peak when the spectra taken at forward angles are
compared to the spectra taken at 90'. Unfortu-
nately we cannot check for a shoulder on the lower-
energy side of the peak at backward angles be-
cause of the presence of the more intense 904-keV
y ray. If Doppler shifts were present, as all of
the data indicates, the average time between the
formation of the compound nucleus and the emis-
sion of the 911-keV y ray must be less than ap-
proximately 1 psec.

The same angular distribution patterns are
also present in the ~' cascade. The angular dis-
tributions of the lower four y rays appear to be
essentially undistorted, while the 947- and 1084-
keV transitions show evidence of Doppler shift.
The o, parameters are small for both transitions,
particularly the 1084 keV. Again, this is caused
by small A»'s. The A44 of the 1084-keV y-ray
angular distribution is too large, so the values
of a, and n4 do not correspond to the same value
of o/I. Thus it is indicated that the total average
time from formation of the compound nucleus to
the emission of the 947-keV y ray is less than
approximately 1 psec while the average time to
the emission of the 657-keV y ray is probably
greater than this limit. There is much less evi-
dence for Doppler shift in the ~' cascade, but
this may be because higher-energy states in this
cascade were not observed.

The procedure for analyzing transitions which
have AI=~1 or 0 can be illustrated by considering
the 670-keV transition in the ~ cascade. The
expected attenuation factor a~ was calculated
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D. y-ray linear polarization

For a Pure multipole transition, the linear po-
larization at 90' to the beam is entirely deter-
mined by the angular-distribution coefficients:

I(0') -1(90') 3A„+1.25A44
I(0') +1(90') 2 -Am~ +0.75A~4

+no parity change
-parity change

(7)

where I(0') and I(90') are the intensities of the y
rays which have their E vector parallel and per-
pendicular to the beam direction, respectively
(e.g. , see Ref. 18). If the transition is of mixed
multiple character, the linear polarization P de-
pends also on the spin sequence and the mixing
ratio

5=(1, (1.=2(1,)/(1, (I, =I(1,).
The linear polarization P was measured by ob-
serving the relative difference 6 between the
counting rates N(0') and N(90') for the polariza-
tion analyzer crystals parallel and perpendicular

TABLE V. Analysis of linear polarization of y rays
eynftted following the reaction s Zrl C, 3n) Pd using
48-MeV nC.

Ey &exp &pure =0 Jpure Multipolarity

261
406
556
657
667
670
678
736
748
804
878
891
904
947

-0.159+ 0.010
-0.058+ 0.050

0.188+ 0.013
0.191+0.024
0.185+ 0.012
0.104+ 0.014
0.169+ 0.019
0,163+ 0.016
0,135+ 0.029
0.200 + 0.024
0.134+ 0.027
0.166+ 0.033
0.118+ 0.037
0.102 + 0.035

-0.16+0.02
—0.08+ 0.01

0.22 + 0.04
0.21+ 0.04
0.20+ 0.04
0.11+0.02
0.19+ 0.04
0.18+ 0.04
0.19+0.04
0.18+0.04
0.15+ 0.04
0.15+ 0.04
0.13+0.03
0,15+ 0.04

M1
M1
E2
E2
E2
E1
E2
E2
E2
E2
E2
E2
E2
E2

from the observed 0., for the 556-keV transition
by using Eq (.6). Then Eq. (5) was used to deter-
mine a range of values for B2E, from A» and a,'.
Once limits on B2E, were established, the general
expression" which gives B2E, for mixed transi-
tions was used to set limits on the mixing ratio

5 =(r, )I.=2 II, )/(I, (1.=I (I,.).
In all the mixed transitions A44 was predicted to
be zero by the extracted mixing ratio. All of the
experimental values are consistent with zero with
the possible exception of the 391-keV transition
which was weak and difficult to measure.

to the beam axis, respectively. Since Compton
scattering is most probable in a direction per-
pendicular to the E vector, N(90') will be greater
than N(0') when P is positive. Thus n is defined
as

N(90') —N(0')
N(90'}+N(0') ' (8)

so the polarization efficiency of the analyzer-is a
positive number Q defined by the expression

q=~/I . (9)

The magnitude of 4 can be used with angular-dis-
tribution coefficients to determine the angular-
momentum change in a y transition. Then the sign
of 4 determines the electric or magnetic character
of the multipole.

The efficiency Q has been calibrated" by mea-
suring 6 for y rays of known polarization P. Q
varies from Q =0.58 for E =250 keV to @=0.31
for E =900 keV. The measured values of b,„p and
the values expected for a pure transition, hp„„,
are listed in columns 2 and 3 of Table V. Even
though there was good agreement between 6; p

and b p„„ for all transitions, an additional test
was made to ensure that the assignments were
correct. For example, the observed angular dis-
tribution of the 667-keV y ray is consistent with
&'- T", pure E2, and with a &'- ~' mixed M1
+E2 transition 1 & 5 &2. The pure E2 assignment
yields hp„. =0.20+0.04, in agreement with the
experimental value A,„p = 0.185 + 0.012, whereas
the ~'- ~' assignment yields -0.06 +Ap + -0.02
in clear disagreement with the experiment. Simi-
lar conclusions have been reached for all other
transitions assigned as E2.

The results obtained for the 670-keV y transition
are particularly interesting. The directional dis-
tribution is consistent with an '-,'- ~ transition that
is essentially pure dipole. The polarization data
indicates that with this assignment the transition
must involve a parity change, i.e., the transition
is an essentially pure electric dipole. Several
other assignments, all requiring a mixed multi-
pole transition, are consistent with the directional
distribution data, but these assignments are at
variance with the linear polarization data. Since
only the ~- ~El assignment is consistent with the
data and the ~ state has even parity, the '-,' state
must have odd parity. Most likely the h»„orbital
is the primary component of the ~ state.

The uncertainty in 6 pu, e is primarily due to the
uncertainty in Q. Considering this uncertainty,
the angular-distribution results were more ef-
fective then the linear polarization measurements
in setting limits on the M1-E2 mixing ratio 5.
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IV. DISCUSSION

The results of the coincidence experiments given
in Table II clearly show that there is much more
overlap between the wave functions of two states
within a cascade than there is for two states in
different cascades. Thus, it seems quite rea-
sonable to describe the set of states which pro-
duce a cascade as members of a "band. " The
presence of Doppler shift in the angular-distribu-
tion experiments indicates that the lifetimes of
the upper states in the bands are less than a psec,
showing that the states are collective.

How can these collective bands be understood' ?
Nuclei in this mass region have usually been
treated as vibrators, and this description may
be correct. However, significant static quadru-
pole moments (-0.5 b) have been observed" for
the first 2' states in "'Pd, '"Pd, and '"Pd, pro-
viding evidence that heavier Pd nuclei are de-
formed. An interpretation'4 of the "threshold
effect" which we have reported for '"Pd, "'Pd,
and '"Pd suggests that the quasirotational bands
in these nuclei involve deformed states. Thus it
is attractive to consider the effects of soft de-
formations in light Pd nuclei.

The permanent deformation must be quite small,
as can be seen from the rather large 2'-0' spac-.
ings in '"Pd' and '"Pd' ' (665.3- and 556.4-keV,
respectively). If a moment of inertia is calcu-
lated for this 2'-0' step in either nucleus, then
(5'/28}I(I+1) considerably overestimates the en-
ergies of higher-spin states. Thus, if these nuclei
are deformed they must be rather soft, so that
the deformation increases for higher-angular-
momentum states. A variable moment-of-inertia
(VMI) model has been proposed to incorporate
this feature. ' The VMI model yields an expression

for energies'in a rotational band:

E = [I(I+1)/28] [1+I(I+1)/4C8'],

where

8 =8o/[1 —[I(1+1)/2C83]] .
The parameter C effectively describes an in-
crease of the moment of inertia over the constant
value 8,. The model also gives a simple estimate
of the softness 0 of the nucleus, or the relative
increase in 8 with increasing angular momentum:

o =[(d8/dI)/8], ,=1/2C8 '.
The appropriateness of the VMI description of

'"Pd and '"Pd was investigated by least-squares
fitting the ground-state bands of the two nuclei to
the VMI formula. (Levels up to 12' were included
in the fit. ) The results are given in Table Vl.

The ground-state band of '~Pd was found to be
described quite well by the VMI model. The ' Pd
fit requires some explanation. The ratio of the
energy of the 4' state to that of the 2' state (E4/
E2}is 2.127, which is smaller than the lower limit
of E4/E2 =2.23 set for positive 8, and C. The sug-
gestion has been made that negative values of 8,
should be allowed, and that they reflect a spheri-
cal band head. " The calculated value of 8 for
higher states remains positive, so that the physi-
cal concept of a negative moment of inertia is
avoided. Following this prescription a qualitative
fit was obtained. (A large uncertainty is inherent
in the magnitude of 8„and hence in the softness
parameter o, when 8, is so small. The VMI for-
mulation becomes approximately a one-parameter
model in this limit. For example, varying 8, from
1 x10 ' to 1 x10 ' has less than a 3' effect on the
energy of the 10' state }The e.xtracted value of 8,

TABLE VI. Comparison of quasirotational-band-energy levels in '00pd, ' Pd, and ' Pd
to VMI model calculations.

Nucleus 100pd 10ipd 101pd 101pd 102Pd

I
gland
head)

80@10 4)

C (x108)

Q+

-31.7
4.3
3.7

-31.6
4.3
3.7

0.6
10.2

2.3x 10

9,9
7.6

66

Q+

6.42
6.8

280

I (core) Exp. Fit Fit Exp. Fit Exp. ' Fit Exp. Fit

2
4
6
8

10
12
14

665.3
1415.5
2188.1
2986.3
3867.2
4758.5
5704.7

643.7
1328.5
2104.7
2956.3
3865.0
4857.3
5872.0

667.2
1403.4
2207
2865
3812
4896

644.8
1331.3
2107.6
2959.9
3870.1
4874.0

678 672
1556 1503
2460 2468
3364 3537

556 560
1304 1293
2195 2136
3106 3084
4078 4113
5152 5240

556 560
1275 1271
2111 2091
3013 3011
3992 4007
5054 5071
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indicates that '"Pd (8, =-3.2 x10 ') is spherical in
its ground state, and that '~Pd (8, = 6.8 x10-')
has a very small equilibrium deformation. For
both ' Pd and ' Pd the parameter 8 has increased
to approximately 2.3 &10 2 at the 12' state. It is
difficult to relate this parameter to a deformation,
but using the same model 8, was found to be 3.V

&10 ' for the ground state of '"Er.' Thus the
VMI model claims that Pd and Pd have sjpable
deformations in their high-spin states. This re-
markable change ean be understood in terms of
the large softness parameters extracted for "Pd
and "'Pd (3.7 and 280) compared to that for '"Er
(1 x10 '). This description of even-even Pd nuclei
seems reasonable so let us consider the effects
of soft deformations in odd-A nuclei.

Two features of the ' 'Pd bands are of prima-
ry importance; the difference in angular mo-
mentum for adjacent states in a band is I I=2
(rather than the EI=1 sequence observed in strong-
ly deformed nuclei), and the energies of levels
in the —,

"ground-state band are similar to those
in the ground-state band of '"Pd. This suggests
that the spin of the odd particle is unimportant
in determining the energies of states in the band;
the core dominates. VMI fits to "'Pd bands were
performed assuming a 0', 2', 4', . . . spin sequence
for each band, effectively ignoring the odd particle.
This is in contrast to the approach of Volkov" for
strongly deformed nuclei where the angular mo-
mentum of the band head was included. The re-
sults of the VMI fits are given in Table VI.

The fit to the ~5 band required a negative value
of 8„and in fact yielded parameters almost identi-
cal to those for the '"Pd ground-state band. Al-
though the fit to the ~7 yielded a small positive
value of 8, (6 x10 '), the fit is rather poor, and
the energies resemble those of the '"Pd band.
The fit to the ~p band is quite good. The extracted
parameters are in fact similar to those for the
"'Pd ground-state band, even though the '-,' state
should be nicely described as an h»„particle
coupled to "Pd. Since the best value of 8, is
larger for the ~ band than for the ~5 and ~bands,
it is tempting to imply that the core deformation
increases slightly due to the presence of the '-,'
yarticle. Imanishi, Fugiwara, and Nishi" have
considered deformations in odd Pd nuclei, and
have predicted significant changes in the deforma-
tion depending on the state occupied by the odd
particle. It is interesting that they are successful
in reproducing the ~' ground-state spin observed
for many odd-A nuclei in this mass region when
that result was not indicated in many previous
eale:ilations.

The success of the VMI description is not so
good that it rules out other approaches, yet com-

bined with other facts it indicates that the "'Pd
bands may be rotational in nature. The coupling
between the odd particle and the core cannot be
the one normally observed in deformed nuclei,
since the energies in the band depend on R (not I),
and the angular-momentum changes are LI= 2.
Descriptions of this new type of coupling have
been approached from two different points of view.

Stephens and his co-workers" have suggested
that one should begin with the coupling scheme
that is used for strongly deformed nuclei. The
Hamiltonian contains a term which is proportional
to the square of the core angular momentum R.
However, R is replaced by the vector difference
between the total angular momentum f and the
angular momentum j of the particle, 8=I-].
This approach introduces a Coriolis term in the
Hamiltonian which becomes important as the de-
formation of the core is decreased. For relative-
ly small deformations, Stephens et a/."have
shown that "decoupled'* bands should be observed
which have the energy spacing of the core and
b,I=2. In principle there would be a multip1et of
states for each core state, with I varying from
(R+j) to (R —j). Since the Coriolis term is very
small when 8 and j are parallel, the energy of the
state with I=(R+j) would be primarily determined
by the core. Moreover, the states with I& (R+j)
would not be easy to observe following a (heavy
ion, xn) reaction. The compound nucleus is usually
formed with large angular momentum. At a given
energy the state with largest I is picked out be-
cause in that case the y ray carries away mini-
mum angular momentum. The states in the multi-
plet with I&(R+j) would not be seen unless they
were appreciably lower in energy. The Coriolis
coupling calculation predicts that the states which
could be reached by dipole, quadrupole, or even
octupole transitions from the spin aligned states
have higher, not lower, energy.

The Coriolis interpretation was successful in
explaining bands which are built on ~ states in
a series of La nuclei. " However, it may not be
applicable to the ~5 and —,

"bands seen in "'Pd.
The Coriolis term is proportional to R x~. When
j is reduced, the term is less important. Further-
more, one would not expect the ~' and —,

"levels
to be as pure as the '-,' level. (Since the ~ state
has negative parity it cannot mix with any other
single-particle state from the X=4 major shell
because they all have common positive parity. )
Stephens et al. give the impression that the unique
parity of the ~ state is not an important factor
in their calculations. Nevertheless, it should not
be assumed that calculations which are success-
ful for high-spin, unique-parity states would be
equally successful for lom-spin, common-parity
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states.
Harris" has approached the coupling problem from

an opposite point of view. Harris uses a basis in
which R and j are good quantum numbers rather
than I and j. He then treats the interaction be-
tween the particle and the core as a perturbation.
Some calculations have been performed by Harris
and also by Kleinheinz" but only for high-spin,
unique-parity states. The results are similar to
those of Stephens et al." That is, the energy spac-
ing with R and ] aligned is similar to the spacing
of states in the core, and the states which have
I less than but close to (R +j) lie above the aligned
state. We expect that these calculations soon will
be extended to the ~' and ~' bands of "'Pd.

In addition to the collective effects that we have
considered, the band-head states are also inter-
esting. In the simple shell model, one would ex-
pect the first three states to be (in order of in-
creasing energy) the d»„g„„and h»„. Even
when a small deformation is present, these states
should be dominarit components of the low-lying
quasiparticle states. Thus it is not surprising that
the —,

"and —,
" states seen in the '~Pd(d, t)'O'Pd

reaction' are essentially pure single-particle
states. (The occupation of the h»„orbital is not
large enough in '"Pd for the '-,' state to be seen
in '"Pd. ) As we have noted previously, "the bands
probably would not have been observed if the band
heads were not rather pure. For example, suppose
that the d„, strength was split among the several
low-lying —,

"states. It is likely that a band would
be built on each of these states. Significant mixing
would occur between bands because the band heads
would have the d„, orbital in common. There
would be many interband transitions, and the in-
tensity available to the bands would be effectively
lost in the emission of a very large number of
relatively weak y rays.

Certainly the criterion of single-particle purity
should be at least as good in "Pd as it is in '"Pd.
However, it may well be that the "Pd core is so
close to the closed 50-neutron shell that collec-
tive rotational excitation is inhibited. We are
currently analyzing our' "Pd experiment to in-
vestigate these possibilities.

It is quite possible that the most interesting
results offered by '"Pd are still undeveloped. It
is difficult to determine the exact nature of the
ground-state bands which are seen in near-syheri-

cal even-even nuclei. Reasonable fits to the bands
can usually be obtained with the two-parameter
VMI formula. However, this is certainly not a
sensitive proof that the shape of the nucleus actual-
ly changes as its angular momentum changes.

Perhaps the bands which are seen in "'Pd pro-
vide a more sensitive test of the core motion.
All of the following features need to be explained:
the 657-keV y ray in the T' band is the only tran-
sition which is not in order of increasing energy.
The two excited-state bands deviate much more
from the core than the ground-state band. The
energy of the lowest transition in the '-,' band is
significantly smaller than the energy of the corre-
sponding transition in the other two bands. The
VMI fit of the ~ band is better than the fit of the
core. In fact, the '-,' band looks more like the
ground-state band in '"Pd rather than the band
in '"Pd. The top three transitions in the $' band
do not show the usual orderly increase in energy.
It is reasonable to expect that a description which
can interpret some of these observations will also
provide important new information about the mo-
tion of the core.

The position of the states in the multiplets
should be sensitive to the motion of the core and
to the core-particle coupling. Even though these
states are difficult to observe, as noted earlier
in this discussion, there are several ways in
which the angular momentum transferred to the
compound system can be reduced so that the prob-
ability of exciting lower-spin states will be in-
creased. For example, a 'He ion with appro-
priately low incident energy must strike the target
nucleus head on in order to overcome the Coulomb
barrier. The angular momentum transferred to
the compound system will be small, and yet the
excitation energy in the compound system will be
high because of the large positive Q value of the
('He, xn) reaction.

Even when the best reaction is used, the most
interesting y rays will still probably be weak so
statistical accuracy will be a problem. The
coincidence data reported in this paper required
12 hours to obtain. . It is difficult to maintain ade-
quate energy resolution with a single counting
rate higher than the 15 x10' counts jsec that we
used. Therefore long counting periods, or better
yet, a multiple detector array will be needed to
make a definitive search for the multiplet states.
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