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Decays of 110Rh and 112Rh to the near neutron midshell isotopes110Pd and 112Pd
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The decays110Rh and 112Rh have been investigated using on-line mass separation with the ion-guide
technique. Extended decay schemes have been constructed for both the low- and high-spin states in112Rh.
Mixing ratios for the collective transitions from the 22

1 and 31
1 states in112Pd have been measured byg-g

angular correlation. The presence of two sets of 01 and 21 states in the 1.1–1.4 MeV range suggests the
existence of an intruder band, the energy of which is the lowest in110Pd with two neutrons fewer than the
midshell. The quasiparticle levels at 2195 and 2755 keV are assignedI 54 and I 55, respectively. The
corresponding levels in110Pd are a new level at 2261 keV and the 2805 keV level. Systematics of logf t values
and excitation energies of these quasiparticle levels is remarkably smooth. The strongb feeding to theI 55
quasiparticle state can be regarded as similar to the main branch in the decay of odd Rh isotopes, while a
neutron is a spectator.@S0556-2813~99!05707-6#

PACS number~s!: 27.60.1j, 23.20.En, 23.20.Lv
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I. INTRODUCTION

Neutron-rich Pd isotopes are situated midway between
closed proton shell Sn isotopes and the very strongly
formed region withb50.35– 0.40 forZ.40. The transition
proceeds over Cd, Pd, and Ru isotopes. Even-even Cd
topes retain a vibrational character while Ru isotopes sh
sizable triaxial deformations of aboutb50.2– 0.3 andg
.21° @1–9#. Thus, Pd isotopes are expected to exhibit tr
sitional features which can be accounted for using appro
ate mixing of the properties of their neighbors. Recently, P
and Draayer described Ru and Pd isotopes as a test cas
the transition from the SO~6! to U~5! symmetries of the
interacting-boson model@10#. Kim et al. also performed sys
tematic calculations for even-even Pd isotopes@11#. They
used the proton-neutron interacting-boson model~IBM-II ! to
describe the systematics from102Pd up to the presently las
known 116Pd and they even presented predictions for
heavier ones. They observed a transition from the vibratio
U~5! limit to the g-soft O~6! limit with increasing neutron
number. Thus, ground-state andg bands for neutron-rich
even-even Pd nuclei@12–15# are rather well reproduced.

However, these successful calculations do not accoun
all observed low-lying states. Coulomb excitation has be
performed for106– 110Pd and revealed the existence of som
other band structures@16,17#. As a matter of fact, low-lying
intruder configurations have been known in even-even
and Sn isotopes@18–21#. Similarily in the odd-proton neigh-
bors of Cd,K51/2 bands have been found with the minim
of excitation energy at the midshell for Ag but atN564, i.e.,
a pair fewer than the midshell, for Rh@22,23#. Thus, it is
necessary to clarify the nature of the experimental level
even-even Pd isotopes near the neutron midshell.

The present work mainly deals with levels in112Pd at the
midshell where intruder configurations might be low lyin
and easier to identify than in its neighbors. So far, levels
the neutron-rich112Pd have been observed inb decay of
on-line mass-separated rhodium by A¨ ystö et al. @13# and
(t,pg) studies @24–26#. Since 112Rh has twob-decaying
0556-2813/99/60~1!/014315~20!/$15.00 60 0143
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states, one withI p511 and the other withI>4, its decay is
very well suited for the observation of nonyrast levels, t
ones belonging to the presumed intruder structures in112Pd.
Thus, this work is motivated by the new experimental pos
bilities offered by increased production yields higher than
Ref. @13# by two orders of magnitude and by the avaibility
larger-volume detectors. These improvements allow inf
mation about spins to be obtained for the first time at
IGISOL facility using the angular correlation method. A pr
liminary report of this work has been given in Ref.@27#.

In addition, it became necessary for reasons of irregul
ties in the quasiparticle level systematics to make a new
vestigation ofb decay of the high-spin state of110Rh. The
relevantg-g coincidence data have been obtained from
experiment dedicated to the study of short-livedA5110 ac-
tivities which will be reported elsewhere@28#. We will
present here the information about the new transitions
110Pd.

II. EXPERIMENTAL SETUP AND ANALYSIS

The neutron-rich nucleus112Rh was produced by 25 MeV
proton-induced fission of natural uranium and subseque
on-line mass separated from the other fission products, u
the ion-guide technique. The IGISOL facility at Jyva¨skylä
has been described in Refs.@29,30# and more specifically for
fission experiments in Ref.@31#. The detection setup an
measurements methods were similar to those used in a s
of previously reported experiments; see, for instance, R
@32,33#. In this particular case, the mass-separated beam
not pulsed. A collection cycle was defined by an implan
tion period of 30 s onto a tape, after which the tape w
moved and a new cycle begun. Two 0.9 mm thick plas
scintillator detectors, one on each side of the source, w
used for the detection ofb particles. For the detection ofg
rays four Ge detectors of the EUROGAM phase-1 type w
positioned in a plane around the collection spot at a dista
of 10 cm and at angles of 80°, 110°, and 155° with resp
to each other. The data includedg singles versus time with
respect to the beginning of the cycle, andb-g-t and g-g
©1999 The American Physical Society15-1
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coincidences. The events were recorded with the VEN
data-acquisition multiparameter system@34#.

A g-g energy matrix was formed from the energy pa
regardless of the detectors which fired using a gain-match
algorithm from the EUROGAM software@35#. Moreover, for
each of the six Ge-detector pairs, a separate energy-en
matrix was formed, thus allowing the measurement of an
lar correlations. Coincidence counts for a giveng-g pair
were corrected for their two-dimensional background w
the procedure of Ref.@36#. For the energy and relative effi
ciency calibrations, data from the decay of96Y to 96Zr @37#
were used. This decay was observable in theA5112 mass-
separated data due to the formation of yttrium oxide a
singly charged ion. In spite of the large source-to-detec
distance, coincidence summing effects played a role for th
transitions which depopulate a level in competition with
much stronger one. A first-order correction to transition
tensities was performed whenever statistically significa
Detector efficiencies needed for this purpose, and for
calculation of fission yields, were calculated using the pr
ability for coincidence summing of transitions belonging
high-multiplicity cascades depopulating the 4390 keV1

state in96Zr and the 2755 keV level in112Pd. For the analy-
sis of angular correlations, very accurate efficiencies of th
detectors relative to the fourth one were needed. They w
obtained from a fit such as to reproduce the well-kno
anisotropies of coincidence pairs belonging to cascade
96Zr and to the 61→41→21→01 cascade in112Pd. Sub-
sequently, data for the six angles were fitted by the Legen
polynomials, theAkk coefficients were corrected for soli
angle attenuation factors@38#, and a standard analysis wa
performed to extract spins and mixing ratios@39#.

The intensities ofg rays versus cycle time were used f
the determination of the parentage of the transitions, si
two states are known for112Rh @13#. In this way, the feed-
ings to levels in112Pd in the respective decays can be cal
lated. It is, however, not known which of the 3.8 s (I p

511) or 6.8 s (I>4) levels is the ground state.
In another run,b-g delayed coincidences were record

using one of the plastic scintillators and a single coaxial
detector in close geometry. The resolution was 25 ns for
time peak of theb-g ~349 keV! coincidences. Level life-
times were analyzed by the centroid-shift method. The
ergy dependence of the prompt curve was determined f
time spectra of transitions in theA5100 mass chain which is
rich in suitable references@40#. These spectra were recorde
before and after theA5112 measurement in order to corre
for electronics instabilities.

III. RESULTS

A. Production yields

Yields of mass-separatedA5112 isobars are shown i
Table I. They have been determined using the last part of
acquisition cycle during which the activities can be regard
as constant. In case of the decay of the 11 state of112Rh, the
ground-stateb feeding is known with rather poor accurac
@13#. This renders the determination of this yield uncerta
01431
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However, a measurement of the ground-state branch by
filiation method was not possible due to the 21 h half-life
112Pd. Thus, the total Rh yield was estimated using
Gaussian dependence of yields versusZ @41,42# and the yield
of the 11 Rh state was obtained by subtracting the expe
mental yield for the high-spin state from the estimated to
one. In this calculation, the position of maximum isoba
yield Zmax and the width parameter of the GaussiansZ were
interpolated from local systematics and kept fixed while
scale parameter was adjusted to reproduce the experim
112Tc and 112Ru independent yields.

B. Half-lives of 112Rh

The analysis of the growth of activity during collectio
yields information about the decay half-lives of the112Rh
states. Transitions with intensities higher than 5% ofI g(560)
were used to determine the shape of the growth of the ac
ity from the high-spin state decay. However, only the rath
weak 686, 777, 1054, and 1074 keV transitions could
regarded as pure for the analysis of the 11 Rh decay. For
each group we have added the growth curves and su
quently normalized them to unity at the end of the collecti
cycle where the activity comes to saturation. These repre
tations help to visualize the difference of the half-lives of t
112Rh activities; see Fig. 1. The curves have been fitted w
a single lifetime. An extra parameter was added to acco
for the fraction of theA5112 beam not deposited on th
collection tape. It was determined to be about 5% from the
of the high-spin decay. For the analysis of the 11 Rh decay
of weak statistics, the number of parameters need to be
stricted. The first two points in Fig. 1 were excluded from t
fit to allow the Tc (t1/250.3 s) and Ru (t1/251.8 s) precur-
sor activities to saturate and the fraction of activity not d
posited on tape was kept constant. These fits gavet1/2
56.73(15) s for the decay of the high-spin112Rh state and
t1/253.45(37) s for the decay of the 11 state. These value

TABLE I. Independent yields forA5112 isobars in units of 103

ions/s. The total yield for rhodium is extrapolated from the Tc a
Ru independent yields, using a GaussianZ dependence with maxi-
mum atZmax545.2 and width parametersZ50.65. The yield for
the Rh 11 level is the difference of the calculated total yield and t
yield measured for the high-spin level.

Isotope Yield (103/s)

112Tc 0.18~2! a

112Ru 3.3~3! a

112Rh ~total! 17.3~7! b

112Rh ~high j ) 9.6 ~9! a

112Rh (11) 7.7 ~11! b

96YO c 2.0 ~3! a

aExperimental value.
bCalculated value not including uncertainties on the model par
etersZmax andsZ which are regarded to influence the deduced to
possibly by 20%.
cThe intensity of the yttrium-oxide beam varies depending on
level of impurities in the He gas used to stop the fission produc
5-2
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DECAYS OF 110Rh AND 112Rh TO THE NEAR . . . PHYSICAL REVIEW C 60 014315
are in good agreement with those reported in Ref.@13# of
6.8~2! s and 3.8~6! s, respectively.

C. Decay schemes

Transitions assigned tob decay of the 11 state of 112Rh
are listed in Table II. The112Pd levels fed in this decay ar
listed in Table III and the decay scheme is shown in Fig
For the decay of the high-spin state of112Rh transitions are
listed in Table IV and112Pd levels in Table V. The deca
scheme is shown in two parts as Figs. 3 and 4. We
present the most important updates of the decay sche
then the results of angular correlations.

1. Assignment of parent activity

Since 112Rh has twob-decaying states with half-live
close to each other, assignment to the one or other activit

FIG. 1. Growth of the activities for both112Rh decays. The
mass-separated beam is switched off only during the moving of
collection tape. The integration bins are of 2 s and the curves are
scaled to unity at saturation. Upper part: the points are sums ovg
rays associated with a single112Rh activity. The decays of the high
spin and 11 states are represented by open and solid circles, res
tively. Their fits ~dashed lines! lead to half-lives in agreement with
former results@13#. Lower part: points and fits are deviations wi
respect to the growth curve for the high-spin state. Analysis
transitions from the 21

1 and 22
1 states~open and solid circles, re

spectively! yields the magnitude of the respective feedings of th
states in the decay of each Rh state and, after assuming a valu
the ground-state branch, of theirb feedings in the decay of the 11

Rh state. The highest dashed line represents the fitted growth c
for the 11 state, taken from the upper part of the figure.
01431
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observing the difference in half-life is only possible for th
strongest lines. Fortunately, the difference of spins of
112Rh states is large. It can be assumed that the 11 decay
directly populates only states withI<2. This is supported by
the intensity balance for the 1096 keVI p531 state obtained
without any directb feeding. In that way, a clear separatio
is possible for most levels. Among the intensively popula
levels only the 21

1 and 22
1 levels are fed in bothb decays.

Two methods have been used to deduce their respec
feedings. The first one was to calculate the contribution fr
the high-spin decay by balancing the flow ofg-ray intensity
across the 21 levels and obtain the contribution of the 11

decay by difference from the total intensity. The seco
method was to decompose the experimental growth curve
the 349 and 388 keV lines, using the normalized shapes
tained in the previous section as corresponding to each h
life component; see Fig. 1.

The 1888 keV level is fed in the high-spin decay and
has a small decay branch to the 21 level at 1423 keV. This
represents another link between both decays schemes.

2. Levels in 112Pd

The decay schemes for both112Rh states are based on th
g-g coincidences andg-singles data. Assignments of leve
which can be made on the basis of decay branchings an
some cases of angular correlation data confirm the pr
ously established ground-state band and theK52 @14,15#
band. Both bands are observed here up to their 61 members.
In addition, the 2195 and 2755 keV levels are, respective
assignedI 54 andI 55 on the basis of the angular correl
tion data. The decay schemes are considerably impro
with respect to the previous decay study@13#, owing to high
statistics, about 15 times larger than in that measurem
The general features of the decay schemes are confirme
might be interesting to note that the branching ratio of
737 keV crossover transition from the second 21 state be-
comes somewhat lower than in Refs.@13,26#. Moreover,
there is no convincing evidence for a 890 (01) –1126
(21) –1715 keV (41) band as assumed by Meyeret al. @26#.
Two closely lying sets of 01, 21 states are observed instea

The 890 keV level tentatively proposed by A¨ ystö et al.
@13# and interpreted by Meyeret al. @26# as a 01 bandhead is
not confirmed. In agreement with their reports a weak line
541.8 keV is seen in the singles spectra. However, the lin
the 349 keV gate is at 539.7 keV and it is also seen in
534 keV gate, which places it between the 1423 and 883 k
levels. The 541.8 keV line could not be identified. Spec
gated by the 349 and 534 keV transitions have been show
Ref. @27#. For reasons of systematics a 01 level was ex-
pected in this energy region. A last possibility is that the 01

and 41 levels are degenerate at 883 keV. Then the 21 state
built on such a 01 level would be very difficult to identify
due to numerous transitions and intense background in
projection gated by the 534 keV (41→21) transition. Nev-
ertheless, we favor a new interpretation of level systema
that does not imply a level at this energy@27#.

The 1140 keV level is directly fed in theb decay of the
11 state of112Rh. The ground-state~g.s.! transition reported

e

c-

f

e
for

rve
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TABLE II. List of g rays from 11 Rh decay. One hundredg-intensity units correspond to ab feeding of
30210

125%. The large errors are due to the uncertainty on the value of the ground-state feeding; see te
confidence of a coincidence relationship for transitions between brackets is less than or equal to two s
deviations (s). The intensities of the 360, 534, and 748 keVg rays have been scaled such as nob feeding
to the 883 keV 41 and 1096 keV 31 levels is needed.

Energy@keV# g intensity From To Coincident lines

297.1 ~4! 0.5 ~1! 1423 1126 349, 777
326.6 ~3! 1.0 ~2! 1423 1096 349, 360, 388,~748!
348.7 ~2! 100 ~15! 349 0 ~297!, 327, ~539!, 686,

777, 791, 1054, 1074, 1266,
~2083!, 2340,~2399!, 2665a

359.6 ~2! 0.6 ~2! 1096 737 327a

388.0 ~2! 23.3 ~78! 737 349 686, 1760, 1804, 1867, 1951a

402.8 ~4! 1.3 ~3! 1140 737 ~388!, ~1607!
519.8 ~5! 0.4 ~1! 1403 883 ~534!
534.3 ~2! 1.3 ~2! 883 349 520, 539a

539.7 ~3! 0.9 ~2! 1423 883 349, 534
665.8 ~5! 1.3 ~5! 1403 737 ~1094!, ~1285! b

686.0 ~2! 3.6 ~4! 1423 737 349, 388,~465!, c 737, 1074,
1266

736.7 ~2! 7.3 ~25! 737 0 686, 1760,~1804!, 1867a

747.6 ~2! 0.5 ~2! 1096 349 ~327!, 349a

776.9 ~2! 9.9 ~10! 1126 349 297, 349
791.1 ~2! 4.2 ~6! 1140 349 349, 1607
1054.0 ~2! 4.3 ~6! 1403 349 349, 1094,~1285!, 1345,

~1611!, ~1823!
1074.0 ~2! 2.0 ~4! 1423 349 349,~465!, c ~1074!, ~1266!
1074.3 ~3! 1.3 ~3! 2497 1423 349, 388, 686,~1074!, ~1423!
1094.2 ~4! 1.2 ~4! 2497 1403 1054,~1403!
1265.5 ~4! 1.0 ~3! 2688 1423 ~349!, ~388!, 686, ~1074!,

~1423!
1285.2 ~5! 0.9 ~3! 2688 1403 349,~1054!, ~1403!
1344.8 ~3! 1.8 ~4! 2747 1403 349, 1054, 1403
1398.8 ~4! 1.6 ~4! 1747 349d ~349!
1402.6 ~3! 2.9 ~4! 1403 0 ~1094!, ~1285!, ~1345!,

~1611!, ~1823!
1413.5 ~5! 1.1 ~3! 2836 1423 349,~1423!
1422.6 ~3! 2.9 ~6! 1423 0 ~465!, c ~1074!, ~1266!, ~1414!
1425.7 ~4! 1.9 ~5! 1775 349d ~349!
1607.3 ~4! 1.4 ~3! 2747 1140 349, 791
1611.2 ~5! 1.3 ~3! 3014 1403 349,~1054!, ~1403!
1758.7 ~3! 4.2 ~9! 2107 349 349
1760.1 ~4! 2.4 ~4! 2497 737 349, 388,~737!
1803.8 ~4! 0.9 ~2! 2541 737 349, 388,~737!
1823.1 ~8! 0.9 ~5! 3226 1403 ~1054!, ~1403!
1867.2 ~4! 3.9 ~6! 2604 737 349, 388, 737
1951.3 ~4! 1.3 ~3! 2688 737 349, 388,~737!
2008.1 ~6! 0.7 ~3! 2357 349d ~349! e

2083.4 ~7! 0.9 ~3! 2433 349 ~349!
2106.6 ~5! 0.8 ~2! 2107 0 f

2117.4 ~5! 0.7 ~3! 2466 349d ~349!
2147.7 ~7! 0.6 ~3! 2497 349 ~349!
2161.1 ~5! 1.2 ~4! 2510 349 ~349!
2316.8 ~4! 1.6 ~4! 2665 349 349
2339.7 ~4! 3.2 ~5! 2688 349 349
014315-4
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TABLE II. ~Continued!.

Energy@keV# g intensity From To Coincident lines

2398.7 ~5! 7.2 ~9! 2747 349 349
2421.3 ~6! 1.3 ~4! 2770 349 349
2432.7 ~6! 0.9 ~3! 2433 0 f

2447.1 ~6! 0.9 ~4! 2796 349d ~349! g

2488.2 ~7! 0.7 ~3! 2836 349 ~349!
2511.2 ~7! 0.3 ~1! 2510 0 f

2628.6 ~5! 1.4 ~4! 2977 349d ~349!
2664.7 ~4! 1.1 ~8! 2665 0 e,h

2665.0 ~7! 2.7 ~5! 3014 349 349
2746.6 ~5! 1.5 ~3! 2747 0 f

2876.6 ~7! 1.6 ~5! 3226 349 349
2989.2 ~9! 0.5 ~2! 3338 349d ~349!

aCoincidences due to the decay of high-spin112Rh are not listed here.
bCoincidences with 349 and 388 keV lines are masked by the 663 and 668 keV transitions from hig
decay. A tentative coincidence 665.8–954.5 keV could give further support to the 2357 keV level.
cThe 465 keVg ray depopulates the 1888 keV level fed in the decay of high-spin112Rh.
dLevel based on a single weak coincidence. Level and transition are not shown in Fig. 2 but have bee
into account in the calculation ofb feedings.
eA tentative coincidence with the 400 keVg ray could place this transition or another of close energy in
high-spin decay scheme.
fThis weak transition seen only in singles cannot be assigned to a particular nucleus but it is assum
ground-state transition owing to energy fitting.
gTentative coincidences with 534 and 668 keVg rays could indicate another 2447 keV transition in high-sp
decay.
hTentative transition since the coincidence intensity may not account for all the intensity deduced fro
singles.
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by Meyeret al. @26# with I g(1140)/I g(791)50.08(4) is not
confirmed. It could have been due to coincidence summ
see Fig. 5. In fact, this state is a good candidate for
expected low-lying 01 state. First, although theA44(791
2349) coefficient is not accurate enough to draw any c
clusion, theA22 coefficient of 0.34~9! does agree with the
theoretical value of 0.357 for a 0-2-0 cascade. Second,
new transition to the 22

1 level creates a branching pattern
analogy with the one of another low-lying 01 state in110Pd.

The former 1369 keV level@13# is replaced by a level a
2269 keV due to intensity balance forcing the reversal of
order of the 485.4 and 1386.4 keV transitions, in agreem
with Ref. @26#.

The 1403 keV new level is based on various coincidenc
The ground-state transition is supported by coincidence r
tionships. This strongly suggestsI p521 for this level.

The 1423 keV level is similar to the 1403 keV level, wi
additional transitions to the 1126 keV 01 state and to the 883
keV 41 state, which firmly determineI p521.

The 1715 keV level was observed inb-decay and reaction
studies@13,26#, but not in prompt fission@15#. Population
from the I 55 level at 2755 keV and decay to 21, 31, and
41 levels only allowsI 53 or 4.

The new level at 1888 keV has been discussed as a
tative 41 state, member of the band on the 1126 keV le
@27#. This interpretation is based on its decay by the 465 k
01431
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transition to the 21 state at 1423 keV, but not to the lowes
lying 21 levels.

The new 1952 keV level is supported by the 1215 k
transition to the 21 state at 737 keV, weaker branchings
31 and 41 states, and feeding from theI 55 level at 2755
keV, resulting inI 53 or 4.

The 2195 keV level hasI 54 from the angular correlation
data. This is in agreement with its decay branches to 21, 31,
41 states and feeding from theI 55 state at 2755 keV. We
note that the transitions to the 21 states are weak and the
intensities are very sensitive to corrections for coinciden
summing.

The 2355 keV level can haveI 54 or 5 according to
angular correlation data. A tentative coincidence in the 4
keV gate could indicate a transition to the first 21 state and
would definitely assignI 54. Unfortunately, the postulate
line is masked in the 349 keV gate by the 2008 keV tran
tion.

The new 2395 keV level is introduced by the 360–12
keV cascade fitting between the 2755 and 1096 keV lev
and the 1512 keV transition to the 41 state. The existence o
an extra 360 keV transition is supported by the 748-360
360-360 coincidence counts which are above the rand
level and by the double intensity of the 360 peak in the ga
on the other members of this cascade.

The 2755 keV level is assignedI 55 by the angular cor-
relation. It is remarkable by the numerous branchings to l
5-5
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G. LHERSONNEAUet al. PHYSICAL REVIEW C 60 014315
els with spins in the range 3–6 and even parity and by
intensity of its directb feeding.

3. Ground-stateb feedings

The spin of the high-spin112Rh state is definitelyI
5(4,5,6) due to allowed feeding of the 2755 keVI 55 state.
Ground-stateb feeding can be neglected in this case. In co
trast, it is important in the decay of the 11 state of 112Rh.

TABLE III. Levels in 112Pd fed in the decay of 11 112Rh. Errors
in b feedings include contributions fromg-intensity balances only
The estimated limits of 36% and 76% for the ground-stateb feed-
ing ~see text! have not been propagated on the values listed in
table. logft values are calculated withQb57.0 MeV @43# and
T1/253.6 s.

Energy@keV# b feeding@%# logf t I p

0.0 65.0 5.7 01 a

348.7 ~2! 6.3 ~42! 6.6 21 a

736.7 ~2! 4.4 ~22! 6.6 21 b

883.0 ~3! c 41 a

1096.3 ~2! c 31 b

1125.6 ~3! 2.8 ~5! 6.7 01 d

1139.7 ~3! 1.2 ~3! 7.1 (01) e

1402.7 ~2! 0.8 ~4! 7.2 21 e

1422.7 ~2! 2.1 ~4! 6.8 21 d

1747.5 ~5! 0.5 ~1! 7.3 f

1774.4 ~5! 0.6 ~2! 7.2 f

2107.1 ~4! 1.5 ~4! 6.7 ~1, 2! g

2356.8 ~6! 0.2 ~1! 7.4 f

2432.5 ~5! 0.5 ~1! 7.0 ~1, 2! g

2466.1 ~6! 0.2 ~1! 7.4 f

2496.9 ~2! 1.6 ~3! 6.4
2510.3 ~7! 0.5 ~1! 7.0 ~1, 2! g

2540.5 ~5! 0.3 ~1! 7.2
2603.9 ~5! 1.2 ~3! 6.6
2665.1 ~4! 0.8 ~3! 6.7 ~1, 2! g

2688.1 ~3! 1.9 ~4! 6.3 (01) h

2747.2 ~3! 3.5 ~6! 6.0 ~1, 2! g

2770.0 ~7! 0.4 ~1! 7.0
2795.8 ~7! 0.3 ~1! 7.1 f

2836.4 ~5! 0.5 ~1! 6.8
2977.3 ~6! 0.4 ~1! 6.8 f

3013.8 ~5! 1.2 ~3! 6.3
3225.5 ~6! 0.7 ~2! 6.4
3337.9 ~9! 0.2 ~1! 7.1 f

aMember of the ground-state band@13–15#.
bMember of theg band@13,14#.
cDirect b feeding is assumed neglectible sinceDI<2.
dMember of the band on the 1126 keV 01 level.
eMember of the band on the 1140 keV level, reassigned as 01.
fLevel supported by a single weak coincidence relationship is
shown in Fig. 2.
gAssignment based on a possible ground-state transition.
hBranchings only to the four identified 21 states suggest a possib
01 state.
01431
e

-

Comparing theb intensity gated by the 349 keV transitio
with the total intensity A¨ ystö et al. @13# deduced a value for
the b ground-state feeding of 65% with a relative error es
mated to 50%. In this work, the yield for the 11 state of
112Rh has been estimated using a model, as discussed a
Subsequently, branchings per decay for the 686, 777, 1
and 1074 keV transitions were determined and the grou
state feeding deduced. The result isI b(g.s)565(4)%,where
the error includes all experimental factors but not the con
bution due to the uncertainties of the parametersZmax and
sZ . The agreement with Ref.@13# is excellent, but it would
be misleading to adopt a weighted average since the pre
value is not purely experimental. We note that a variation
620% on the extrapolated total112Rh yield, we regard as
certainly not overestimated, translates intoI b(g.s.)
565229

111%.

D. Angular correlations

Anisotropy coefficients are shown in Table VI. Becau
of limited statistics,A44 coefficients have large errors an
little relevance except the one for the 777–349 keV corre
tion, A4450.91(21), which confirmsI 50 for the 1126 keV
level @24#. For this reason, the table includes onlyA22 coef-
ficients. Mixing ratios of numerous transitions are measu
by different functions, depending whether these transitio
are located at the bottom or at the top of cascades or
intermediate nonobserved transitions. The fitted coefficie
in Table VI take into account these correlations. They ha
been obtained by ax2 fit, varyingd mixing ratios,Ak andBk
parameters, such as to reproduce the set of experimentaA22
and A44 coefficients. ExperimentalA44 coefficients and
B4(d) parameters for the upper-lying transitions of 400, 56
and 1204 keV, which have little impact on the final resul
were not included in the fit in order to restrict the size of t
parameter space. Quantities deduced from this optimiza
are listed in Table VII.

The statistics is sufficient to determine the spins of
members of the ground-state band up to the 61 level at 1551
keV and of the 31 level at 1096 keV, thus confirming th
previous reports fromb decay@13# and prompt fission@14#,
using as only assumptionI p521 for the 349 and 737 keV
levels.

For the 22
1→21

1 transition of 388 keV aE2/M1 mixing
ratio of d(388)524.7235

117 is derived. It indicates a very
dominantE2 character of 96% in this transition. An almo
pureE2 multipolarity is deduced for the 360 keV 31→22

1

transition while there remains a wide range of values,
with large E2 components too, for the 748 keV 31→21

1

transition.
The next members of the strongly fed cascade are

1098 and 560 keV transitions from the 2195 and 2755 k
levels, respectively. The 2755 keV level decays to the1

and 61 states by the rather weak 1659 and 1204 keV tran
tions. Thus, the spin is limited toI 54 or 5 and either the
1204 or the 1659 keV transition must be ofDI 52 character.
The uncertainties in theA22 of the 1659-360 keV and 1659
748 keV cascades are too large to draw definite conclusi
Nevertheless, cascades with the 1204 keV transition at

e

ot
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FIG. 2. Decay scheme of the 11 state of112Rh. Dashed transitions are regarded as tentative since they are too weak to be assign
particular nucleus. Note also that the ground-stateb branching has a large uncertainty. Nevertheless, the levels below 1.5 MeV are
established.
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top followed by stretched E2’s yieldB2(1204)520.22(10)
which is near two standard deviations from the value
20.403 for a 4→6 transition. Thus, it looks most probab
that the 2755 keV level is aI 55 level. No contradiction is
found in the subsequently determined coefficients and
g-ray branching ratios. In particular, no transition to a
established 21 state has been found.

The 2195 keV level is fed by the 560 keV transition fro
the I 55 level at 2755 keV and has strong decay branche
the 31 and 41 states by the 1098 and 1312 keV transition
respectively. The experimentalA22(10982748) value im-
plies a positiveB2(1098) value of either 0.14~4! or 0.23~10!,
both inconsistent with a 5→3 transition. Thus,I (2195) is
not more than 4. Finally, theA22(5602534) value shows
that B2(560) is not consistent with a 5→3 transition and
thereforeI 54 is assigned to the 2195 keV level.

The 400-1472-534-349 keV transitions form the last c
cade with enough intensity to allow some evaluation
anisotropies. First,A22(4002534)520.14(5) implies a
positive value forB2(400) which excludes a 5→3 transition.
The B2(1472) value of20.45(11) is at two standard devia
tions from the 6→4 value. For the remaining alternative
I (2355)54 and 5 there are sets ofd(1472) andB2(400)
consistent with the experimentalA22 coefficients. ForI 55
all solutions for d(400) have large values. Therefore, w
01431
e

to
,

-
f

favor I 54 since the 400 keV transition is not expected to
collective.

E. Level lifetimes

Centroids of the time distributions forb-g coincidences
are shown in Fig. 6. We observe that there is no signific
centroid shift between the 349 and 360 keV transitions. T
feeding of the former is mainly by decay of the 11 state of
112Rh while the feeding of the latter is strongly dominated
a cascade originating from the 2755 keV level. This sho
that there is no lifetime in the ns range for the 2755 k
level. However, as a result of the uncertainty in the prom
curve, we can only give an upper half-life limit of 0.5 ns fo
all transitions. For the 2755 keV level this limit results in
partial half-life of 6.5 ns for the quadrupole transition
1659 keV to the 31

1 state. This value corresponds to a 6
times hindrance with respect to the Weisskopf estimate fo
M2 transition. Decay-rate systematics forM2 transitions
@44# in fact show that, far from closed shells,M2 transitions
are even more hindered than that. This favors the alterna
E2 multipolarity, which implies even parity for the 275
keV level. Improving the accuracy of the half-life measur
ment so as to get close to the single particle is clearly bey
the capability of the simple technique used in this work.
5-7
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TABLE IV. List of g rays from decay of the112Rh high-spin state. One hundredg-intensity units
correspond to ab feeding of 90.4%. The confidence of a coincidence relationship for transitions bet
brackets is less than or equal to 2s. The intensities of the 349, 388, and 737 keVg rays have been scale
such as to balance the population of the 21 states at 349 and 737 keV without directb feeding. Coincidences
due to the decay of 11 112Rh in these gates are not listed here.

Energy@keV# g intensity From To Coincident lines

158.1 ~2! 0.09 ~3! 2195 2036 160, 349, 400, 560,~1688!
159.9 ~3! 0.25 ~6! 2355 2195 158, 349, 360, 388,~400!,

~1098!
213.3 ~2! 1.3 ~2! 1096 883 349, 400, 534, 560, 1098
348.7 ~2! 100.0 ~0! 349 0 a

359.6 ~2! 36.5 ~28! 1096 737 160, 349, 360, 388, 400
436, 480, 486, 554, 560,

619, 663,~727!, 737, 791,
~842!, 996, 1040, 1062, 1098,

1258, 1299,~1447!, 1659
359.6 ~2! b 0.3 ~1! 2755 2395 ~213!, 349, 360, 388, 534,

748, 1299,~1512!
388.0 ~2! 33.7 ~23! 737 349 349, 360, 400, 436, 480,

486, 554, 560, 619, 626,
640, 663,~727!, 791, 838,
964, 979, 996, 1040, 1098,

1215, 1258, 1299, 1392,~1447!,
~1458!, 1604, 1659,~2080!, c 2398,

2410
396.6 ~4! 0.3 ~1! 1759 1362 ~626!
400.3 ~2! 4.1 ~5! 2755 2355 158,~160!, 349, 360, 388,

534, 737, 748,~993!, 1258,
1472, 1688d

435.6 ~2! 0.4 ~1! 2195 1759 349, 360, 388, 560, 663,~748!
441.3 ~4! 0.2 ~1! 2201 1759 ~663!
464.7 ~4! 0.3 ~1! 1888 1423e ~686!, ~1423!
479.4 ~2! 1.4 ~2! 1362 883 349, 534,~554!, 640, 838,

~964!, ~1392!
479.7 ~2! b 1.7 ~2! 2195 1715 349, 360, 388, 534, 560,

619, 737, 748, 832, 978
485.4 ~2! 1.2 ~2! 2755 2269f 349, 534, 1386
485.7 ~2! b 0.8 ~1! 2201 1715 349, 360, 388, 534, 554,

~737!, 748, 832, 978
534.3 ~2! 37.0 ~33! 883 349 213,~291!, g 349, 360, 400,

479, 485, 554, 560, 640,
650, 663, 668, 832, 891,

~964!, ~996!, 1040, 1079, 1098,
1204, 1312, 1318, 1386, 1416,
1451, 1472, 1493, 1512, 1548,

~1660!, 1872, 2209, 3057,~3114! h

554.2 ~2! 1.0 ~1! 2755 2201 349, 360, 388,~479!, 486,
534, 626, 650, 668, 737,

748, 838, 979, 1318
560.2 ~2! 62.3 ~63! 2755 2195 158, 213, 349, 360, 388,

436, 480, 534, 619,~626!,
663, 737, 748,~832!, 978,
1098, 1312, 1458, 1846

618.6 ~2! i 3.8 ~4! 1715 1096 349, 360, 388, 480, 486
554, 560, 727, 737, 748,

1040
014315-8
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TABLE IV. ~Continued!.

Energy@keV# g intensity From To Coincident lines

625.7 ~2! 5.7 ~5! 1362 737 349, 388, 554,~560!, 640,
737, ~832!, 838, ~842!, 964,

~1101! j, 1392, 1604,~2398!, 2410
640.3 ~2! 1.8 ~2! 2003 1362 349, 388, 479, 534, 626,

737, 964
650.1 ~2! 0.4 ~1! 2201 1551 349, 534, 554, 668
662.7 ~2! 5.8 ~6! 1759 1096 349, 360, 388, 436, 534

560, 737, 748,~842!,
996,~2163! k

667.5 ~2! 9.2 ~10! 1551 883 349, 534, 554, 650, 891,
~1079!, 1204, 1416, 1493, 2209

726.5 ~3! 0.4 ~1! 2441 1715 ~349!, ~360!, ~388!, 619, ~748!,
~832!, ~978!

736.7 ~2! 10.6 ~12! 737 0 l

747.6 ~2! 28.5 ~29! 1096 349 m

791.1 ~3! b 0.6 ~2! 1888 1096 349, 360, 388,~737!, ~748!
802.9 ~4! 0.2 ~1! 2755 1952 ~1215!
831.9 ~2! 1.0 ~2! 1715 883 349, 480, 486, 534,~554!,

560, ~727!, ~1040!
832.2 ~2! 0.14 ~3! 2195 1362 ~349!, ~388!, ~626!
838.2 ~2! 0.8 ~2! 2201 1362 349, 388, 479,~534!, 554,

626, ~737!
842.4 ~5! 0.3 ~1! 3043 2201 ~626!, ~838!
855.1 ~5! 0.4 ~1! 1952 1096 ~349!, ~388!, ~360!, ~748!
876.0 ~4! 0.2 ~1! 1759 883 ~349!, ~534!, ~996!
890.9 ~3! 0.23 ~5! 2441 1551 ~349!, ~534!, 668
963.9 ~2! 0.6 ~1! 2967 2003 349, 388,~479!, ~534!, 626,

640, ~737!
978.2 ~2! 2.0 ~2! 1715 737 349, 388, 480, 486,~554!,

560, ~727!, 737, 1040
993.3 ~6! 0.07 ~3! 2355 1362 ~400!
995.8 ~2! 2.3 ~3! 2755 1759 349, 360, 388,~534!, 663,

737, 748,~876!
1004.7 ~5! 0.14 ~6! 1888 883 ~534!
1013.9 ~4! n 0.27 ~14! 1362 349 ~349!
1028.3 ~4! 0.12 ~4! 2579 1551 ~349!, ~534!, ~668! o

1039.9 ~2! 1.2 ~2! 2755 1715 349, 360, 388,~534!, 619,
737, 748, 832, 978

1061.7 ~3! 0.4 ~1! 2158 1096 ~349!, ~360!, ~388! o

1069.2 ~6! 0.21 ~5! 1952 883 ~349!, ~534!
1079.2 ~2! 0.27 ~7! 2630 1551 ~349!, ~534!, 668o

1098.3 ~2! 49.9 ~50! 2195 1096 ~160!, 213, 349, 360, 388,
~400!, 534, 560, 737, 748

1204.3 ~2! 2.5 ~4! 2755 1551 349, 534, 668
1214.8 ~5! 0.5 ~2! 1952 737 ~349!, 388, ~737!
1258.2 ~2! 1.0 ~2! 2355 1096 349, 360, 388, 400,~737!,

748
1298.9 ~3! 0.6 ~1! 2395 1096 ~349!, 360, ~388!, 748
1311.6 ~2! 8.6 ~11! 2195 883 349, 534, 560
1317.6 ~3! 0.5 ~2! 2201 883 ~349!, ~534!, ~554!
1366.2 ~4! 0.4 ~2! 1715 349 ~349!
1386.4 ~2! 2.0 ~3! 2269 883f 349, 485, 534
1392.4 ~3! 0.5 ~1! 2755 1362 349, 388,~479!, 626, ~737!
014315-9



8

of

V

as the

ut 388

st two

of the

might

G. LHERSONNEAUet al. PHYSICAL REVIEW C 60 014315
TABLE IV. ~Continued!.

Energy@keV# g intensity From To Coincident lines

1416.1 ~2! 0.7 ~1! 2967 1551 349, 534, 668
1446.9 ~3! 1.3 ~2! 2543 1096 ~349!, 360, 388, 748
1451.1 ~3! 0.5 ~1! ~2334 883! 349, 534o, p

1457.9 ~2! 0.2 ~2! q 2195 737 349, 388, 560
1471.5 ~2! 3.4 ~5! 2355 883 349, 400, 534
1493.1 ~4! 0.3 ~1! 3043 1551 349, 534, 668
1512.1 ~5! 0.5 ~1! 2395 883 349, 534,~360!
1547.8 ~4! 0.7 ~2! 2431 883 349, 534o

1604.2 ~5! 0.3 ~1! 2967 1362 349, 388, 626
1658.5 ~3! 3.4 ~5! 2755 1096 349, 360, 388, 737, 74
1660.3 ~5! 0.5 ~1! 2543 883 534r

1687.8 ~5! 0.3 ~1! 2037 349 ~158!, ~349!
1845.9 ~5! 0.5 ~2! 2195 349 349, 560
1871.8 ~4! 2.3 ~4! 2755 883 349, 534
2208.9 ~5! 0.6 ~2! 3760 1551 349, 534, 668
2397.6 ~8! 0.3 ~1! 3760 1362 349, 388,~626!
2409.6 ~7! 0.5 ~1! 3772 1362 349, 388, 626o

2911.3 ~8! 0.5 ~2! 3794 883 349, 534o

3057.3 ~8! 0.6 ~2! 3940 883 349, 534o

aCoincidences are not listed in order to save space. See other transitions.
bThis weak transition was not resolved from the doublet in previous works.
cUnplacedg ray of 2080.6~6! keV with I g50.4(2) if from a level 2817 keV fed in this decay.
dA tentative coincidence with ag ray of 2007~1! keV, with I g50.10(6) could determineI (2355)54.
eWeak link between decay schemes of 11 and high-spin112Rh. Not shown in Fig. 3. See Fig. 2 for decay
1423 keV level.
fReverse order of 485.4 and 1386.4 keV transitions with respect to@13# was also suggested by@26# in order
to satisfy intensity balance.
gUnplacedg ray of 291.3~5! keV with I g50.3(1) if from level 1174 keV to 883 keV.
hPossibleg ray of 3114.2~8! keV with I g50.3(1) if placed from level 3997 keV to 883 keV. Level 3997 ke
could be supported by a tentative peak at 2447 keV in the 534 and 668 keV gates; see Table II.
iTransition not reported before in spite of its large branching ratio. It was presumably interpreted
21→01 transition of 617.6 keV in112Cd.
jUnplaced transition of 1101.3~4! keV with I g50.2(1) if placed from level 2463 keV to level 1362 keV.
kUnplaced transition of 2163.5~8! keV with I g50.2(1) if placed from level 3923 keV to level 1759 keV.
lCoincidences are the same as listed with the 388 keV transition, but without 349 keV.
mCoincidences are the same as listed with the 360 keV transition from the 1096 keV level, but witho
keV.
nTransition reported in Ref.@26# but not in Ref.@13,14# while all reported the 1362 keV level.
oThis transition is the only one to support a new level. It is accepted in the level scheme owing to at lea
weak but consistent coincidences.
pA tentative coincidence with the 668 keV line could suggest a level at 3002 keV in addition or instead
2334 keV one. Level and transition are not shown in Fig. 4.
qResidual intensity after correction for coincidence summing of the 360 and 1098 keV transitions
vanish.
rTransition masked by the 1658.5 keV line in the gate on the 349 keV transition.
e

e
0

at
IV. DECAY OF THE HIGH-SPIN STATE OF 110Rh

The short cycles for the above mentioned experiment@28#
are unfavorable for the observation of this decay witht1/2
528.5 s. Nevertheless, a few new transitions have b
identified and placed in the level scheme of110Pd. Theseg
rays are shown in Table VIII.

The data confirm the previous results of Ref.@13# and
01431
en

give some new information on the levels of110Pd. Transi-
tions of 1096.0 and 1515.8 keV from the 21 states at 1470
keV and 1890 keV@45# are now observed in the decay of th
low-spin Rh state. The former belongs to the band on the3

1

level at 1171 keV. The latter level is a bandhead@16#. Thus,
the (01,21) members of the excited bands, with levels
~947, 1212 keV!, and~1171, 1470 keV!, are populated inb
5-10
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decay of110Rh. However, the 41 states, the next band mem
bers reported at 1718 and 1936 keV in Coulomb excitati
are not observed. In the decay of112Rh the postulated 41

states are also weakly populated.
The decay branches from the 1900 keV level as quote

@45# include a 730 keV transition to the 1171 keV level, a
another of 1527 keV to the 21

1 state which both cannot b

TABLE V. Levels in 112Pd fed by the decay of the112Rh high-
spin level. logft values are calculated withQb57.0 MeV @43# and
T1/256.8 s. Nonlistedb feedings are consistent with zero with
1s.

Energy@keV# b feeding@%# logf t I p

0.0 a 01 b

348.7 ~2! a 21 b

736.7 ~2! a 21 c

883.0 ~3! 41 b

1096.3 ~2! 31 c

1362.4 ~2! 2.2 ~6! 7.0 41 c

1550.5 ~4! 3.7 ~11! 6.7 61 b

1714.9 ~2! 2.8 ~6! 6.8 ~3, 4! d

1759.0 ~2! 3.1 ~7! 6.7 51 c

1887.5 ~3! 0.7 ~2! 7.3 (41) e

1951.6 ~4! 0.8 ~2! 7.2 ~3, 4! d

2002.7 ~3! 1.1 ~2! 7.1 61 c

2036.5 ~6! 0.2 ~1! 7.8
2158.0 ~4! 0.4 ~1! 7.5
2194.6 ~2! 4 f

2200.6 ~2! 1.3 ~4! 6.9
2269.4 ~4! 0.7 ~3! 7.2
2334.1 ~4! 0.4 ~1! 7.3 g

2354.5 ~2! 0.5 ~7! 7.3 ~4,5! f , h

2395.2 ~3! 0.7 ~2! 7.1
2430.8 ~5! 0.6 ~2! 7.1
2441.4 ~3! 0.6 ~1! 7.2
2543.2 ~3! 1.6 ~3! 6.7
2578.8 ~6! 0.11 ~4! 7.8
2629.7 ~4! 0.24 ~6! 7.5
2754.8 ~2! 73.5 ~87! 4.9 5f

2966.6 ~3! 1.5 ~2! 6.5
3043.3 ~4! 0.5 ~1! 6.9
3759.6 ~5! 0.8 ~2! 6.4
3772.0 ~8! 0.5 ~1! 6.6
3794.3 ~9! 0.5 ~2! 6.6
3940.3 ~9! 0.5 ~2! 6.4

aDirect b feeding assumed to be neglectible due toDI>2.
bMember of the ground-state band@13,15,14#.
cMember of theg band@13,14#.
dSpin limited by feeding from theI 55 level at 2755 keV and
deexcitation to a 21 state.
eProposed as member of the band built on the 1126 keV 01 state.
fNew result from angular correlation.
gThis level could be replaced by another at 3002 keV; see footn
in Table IV.
hI 54 favored for structural reasons and a tentative transition to
349 keV first excited 21 state.
01431
,

in

detected in our experiment, suggesting that there could
two different close-lying levels, one of low spin and anoth
one with I 53 or I 54, observed inb decay. A possibly
similar situation occurs for the 2448 keV which could b
distinct from the 32 level observed in several scattering e
periments, since we fail to detect some of the repor
branches and only see a single transition to the 42

1 level.
The most important result for the present discussion i

new level at 2261 keV fed by a transition of 544 keV fro
the 2805 keV level. The decay branches to the 31

1 and 41
1

states imply a clear similarity with theI 54 level at 2195
keV in 112Pd. This suggests that the 2805 keV level cor
sponds to theI 55 level at 2755 keV in112Pd. Evidence for
the placement of the new 544 keV transition is displayed
Fig. 7. The other stronglyb-decay fed level at 2791 keV is
I 5(4,5) level. Finally, a new level at 1987 keV is introduce
on the basis of its population from both 2791 and 2805 k
levels and a single decay branch to the 41 state of the
g-band.

The only states with a clearb feeding are the levels a
1900 keV (logf t55.9), 2791 keV (logf t55.1), and 2805
keV (logf t54.8). SinceI (1900)<5, the spin of the high-
spin 110Rh state is definitely lower than 6. The absence
feeding to the 31 state of theg band favorsI 55 over the
other alternativeI 54. As a matter of fact, a spin lower tha
the one of112Rh provides an explanation for the feedings
the levels at 1900 and 2791 keV, while the correspond
levels are not observed in112Rh decay, if these haveI<4. In
this case, the strongg branch of the 2791 keV level to th
61 state is unlikely to be aM2 transition. Thus, even parity
is favored for 110Rh and the strongly fed levels in110Pd.

V. DISCUSSION

Pd isotopes are situated in a transition region between
triaxially deformed Ru isotopes@3–8# and the more vibrator-
like Cd isotopes@2#. For neighboring isotones of112Pd, de-
formations deduced from the availableB(E2,21→01) val-
ues areb50.29(1) for 110Ru @46# andb50.18(1) for 114Cd
@1#. A recent unpublished measurement oft1/2(21

1)
568(4) ps for 112Pd by Mach @47#, corresponding tob
50.24(1), confirms this trend. In addition, Cd isotopes e
hibit intruder states which are low-lying at the neutron m
shell @19#. Thus, it is expected that Pd isotopes have a co
plex structure.

A. Band structure

The systematics of neutron-rich palladium isotopes sho
a smooth variation of the energies of the levels in t
ground-state and in theK52 bands. Palladium levels hav
been recently studied in the framework of the interact
boson model by Kimet al. @11# and succesfully reproduce
by increasing the amount ofO(6) symmetry with increasing
neutron number. We note that for112Pd their experimenta
data set only includes an excited 01 state which look to be
the 890 keV level we have not observed. Nevertheless, t
calculate the 02

1 level close to 1 MeV, in reasonable agre
ment with the location of experimental 01 states at 1126 and

es

e
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FIG. 3. Decay scheme of the high-spin state of112Rh ~lower part!. Dashed transitions are regarded as tentative since only part o
required coincidences can be detected.
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1140 keV. In contrast, for Pd isotopes withA,112 they
calculate two 01 states in this energy region in agreeme
with the experiments. For the heavier isotopes the exp
mental assignments are not so firm. In114Pd the lowest-lying
01 state is tentatively reported at 872 keV@13#. The calcu-
lation in fact produces two closely-lying 01 states near 1.1
MeV, resembling the experimental situation in112Pd.

The experimentalA22 coefficients obtained in this work
for 112Pd imply largeE2 components in the 388 keV (22

1

→21
1) and 360 keV (31→22

1) transitions and give solu
tions with larged values for the 748 keV (31→21

1) transi-
tion; see Table VII. Such large mixing ratios are found in t
immediate neighborhood of112Pd. Tables IX and X show
ratios of B(E2) values for transitions from the 22

1 and 31

states, respectively. In the vibrational limit the 22
1→01

1 and
31

1→21
1 transitions are forbidden as they correspond to

change of two phonons. As expected, anharmonicities
smaller in Pd isotopes than in their Ru isotones due to
dominantO(6) character of the latter. Nevertheless, the2

1

→01
1 crossover transitions in Pd are surprisingly weak w

respect to those in the Cd isotopes.

B. New low-spin levels and intruder band

Important information from this work consists of low-sp
levels which are nonyrast and have not been observed
prompt fission, while some of them have been identified
former decay or reaction studies. Following the smooth tre
01431
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of level energies in Pd isotopes, assumed to decrease
increasingN until neutron midshell, a 890 keVI p501 level
and a 1140 keVI p521 level were proposed@13,26#. How-
ever, our new data do not confirm the former level and s
gest 01 for the 1140 keV level. Thus, there are a definite 01

state at 1126 keV, a probable other 01 state at 1140 keV, and
further two definitely I p521 states at 1403 keV~a new
level! and 1423 keV. We note that below 2 MeV, there are
few possibleI 54 levels and it is tempting to look whethe
any band structures could be built extending the sets of1

and 21 states.
In Coulomb excitation measurements on106Pd, 108Pd,

and 110Pd @16,17#, Svenssonet al. identified two extra bands
~i.e., in addition to the g.s. andg bands! based on 01 states.
These bands become increasingly clear with increasingN,
especially in110Pd where they are the lowest lying. Connec
ing levels of same spin while choosing levels with simil
decay pattern creates a new systematics which is show
our first report@27#. There is a fairly good similarity betwee
the g-ray branching ratios of selected levels in110Pd and
112Pd; see Fig. 8. TheB(E2,01→22

1)/B(E2,01→21
1) ratio

is 0 if the initial states are the 947 keV (110Pd) and 1126 keV
(112Pd) levels, while it becomes 27 and 9 if they are the 11
keV (110Pd) and 1140 keV (112Pd) levels. We assume tha
the next member of the band on the 1126 keV level is
1423 keV 21 level owing to the linking transition of 297
keV with B(E2,21→03

1)/B(E2,21→01
1)5466. The 1888

keV level could be the next 41 member of the band. This fits
5-12
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FIG. 4. Decay scheme of the high-spin state of112Rh ~higher part!. See also caption for Fig. 3.
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energy trends and is consistent with the feeding and de
pattern. The 465 keV transition to the 1423 keV level in
cates a strong link between these levels. TheE(41)/E(21)
ratio of 2.56 is close to the 2.53 value for the ground-st
band. For the 21 level of the corresponding band in110Pd
Svensson@16# gives two values of half-lives, the average
which is 15~1! ps. After correction for branching ratios an
conversion, the partialg half-life of the 21→01 transition
becomes 284 ps, which corresponds to 44 single-par
units and a deformation ofb50.22. This is indeed in the
range of ground-state deformations for Pd isotopes near m
shell. In the other set of (01, 21) 112Pd levels, no 21→01

transition is observed, contrasting with the level scheme
110Pd. The weakness of the expected intensity, close to
detection limit, might be invoked for this failure. Evidenc
for the next I p541 member of this second band is eve
more uncertain. The remaining candidates, the levels at 1
keV and 1952 keV, are either too low or too high with r
spect to a smooth extrapolation from the lighter Pd isoto
and furthermore no connection to the 1403 keV level
found. We have arbitrarily favored the former level in Fig.
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A V-shape pattern for excitation energies of selec
states versus neutron number has also been observed i
systematics of even-even Cd isotopes@19# and of both odd-
proton Pd neighbors, namely, the45Rh and 47Ag isotopes
@23#. This suggests that the band which is the lowest in110Pd
and 112Pd is of intruder origin. It is remarkable that the low
est 01 state is the one in110Pd ~947 keV!, with a neutron
pair less than midshell, and not in112Pd ~1126 keV!. This
represents a further analogy with the systematics of the o
proton rhodiums in which the@431#1/2 band exhibits its
minimum energy for111Rh also atN564. Yet theK51/2
bands in Ag isotopes with one proton pair more than Pd
have their minimum energy at the midshell. The reason is
clear to us but we note that at lower proton number, ev
larger deformations are reached already forN560 @48–50#.

C. Quasiparticle states

Below 2 MeV only two of the well-established leve
have not been included in a band. Above this energy it
comes very difficult to propose assignments. Therefore
5-13
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only attempt to interpret the levels fed strongly inb decay of
the high-spin112Rh state. The 2195 keV (I 54) and 2755
keV (I 55) levels are prominent due to the strong feeding
the latter inb decay with logf t54.9 and the strong link
between them via the 560 keV transition. The 2195 k
level decays to the 31 level of theg band and 41 level of
the ground-state band by the strong dipole transitions
1098 and 1312 keV. The 2755 keV level has numero
branches but clearly theDI 51 transitions of 400 and 560
keV compete favorably with those of much higher ener
towards the collective levels. Thus, it looks logical to inte
pret these levels as due to quasiparticles. Strongb feeding of
Pd levels at about 2.5 MeV is a general feature of odd-o
Rh decays. There is a very close similarity between the
els at 2864 keV (108Pd) and 2755 keV (112Pd). Even parity
has been suggested for the108Pd level andI 55 is one of the
alternatives@1#. Thus,I p551 could be tentatively assigne
to the 2755 keV level in112Pd. In the intermediate110Pd
nucleus two levels at 2790 keV (logf t55.1) and 2805 keV
(logf t54.8) are strongly populated. Both have branches
the I 531, 41, and 61 collective levels obviously stronge

FIG. 5. Part of the singles spectrum for an estimate of coin
dence summing with the (21→01) 349 keV transition. The strong
534 (41→21) and 560 keV and the weaker (01→21) 777 keV
transitions are indicated in the upper part of the figure, while th
sum peaks are shown in the lower part. Coincidence summin
the 349 and 791 keV transitions to a peak at 1140 keV account
the whole intensity in contrast to a former report@26# where the
1140 keV level was interpreted as a 21 state due to its ground-stat
transition.
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than exhibited by the corresponding levels in their neighbo
Nevertheless, some similarities remain. The new data
110Pd suggest that the 2805 keV level is the one belongin
this systematics; see Fig. 9. In contrast, the strongly
states in114Pd look very different since only the 2623 ke
level has a transition to one of the collective states m
tioned above, namely, to the 61. Even more different is
116Pd with a strongly fed level at 2450 keV and two deca
to levels of unknown spin. Whether this means a differe
nature of their parent nuclei or is the mere consequenc
poorer statistics in the experiments cannot be said at pres

Another systematic feature is that there is a level po
lated via ag transition from the above discussed levels. Th
level further decays to the 31

1 and 41
1 levels, the branching to

i-

ir
of
or

TABLE VI. Table of experimental and fittedA22 coefficients.
Fitted values are obtained by varyingd mixing ratios andB2 coef-
ficients to get best agreement with the experimental data set.
400-1472-534-349 keV cascade has not been included in the fit
to its very poor accuracy.

g1 @keV# g2 @keV# A22 expt. A22 fitted

349 360 0.041 ~35! 0.042
349 388 0.089 ~34! 0.086
349 534 0.105 ~34! 0.102
349 668 0.097 ~45! 0.102
349 748 -0.485 ~47! -0.487
349 777 0.493 ~66! 0.357
349 791 0.339 ~77!

349 1204 0.078 ~73! 0.028
349 1312 0.169 ~52! 0.224
349 1472 0.188 ~65!

360 388 0.117 ~34! 0.137
360 560 0.013 ~35! -0.009
360 737 -0.208 ~41! -0.231
360 1098 0.014 ~40! -0.010
360 1659 -0.105 ~89! 0.012
388 560 0.009 ~35! 0.012
388 1098 0.002 ~45! 0.012
388 1659 -0.122 ~93! -0.015
400 534 -0.131 ~54! -0.107
400 1472 -0.092 ~62!

534 560 -0.059 ~39! -0.068
534 668 0.143 ~42! 0.102
534 1204 0.113 ~71! 0.028
534 1312 0.279 ~45! 0.224
534 1472 0.213 ~66!

560 736 0.038 ~41! -0.020
560 748 0.135 ~37! 0.116
560 1098 0.042 ~35! 0.062
560 1312 -0.083 ~43! -0.065
668 1204 -0.075 ~67! 0.028
737 1098 0.103 ~68! -0.021
737 1659 0.304 ~311! 0.026
748 1098 0.148 ~42! 0.121
748 1659 0.082 ~120! 0.147
5-14
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DECAYS OF 110Rh AND 112Rh TO THE NEAR . . . PHYSICAL REVIEW C 60 014315
the 31 level clearly being the strongest one. These are
levels at 2282 keV (108Pd), the new level at 2261 keV
(110Pd), theI 54 level at 2195 keV (112Pd), and the 2064
keV level (114Pd). This suggests that these levels all arI
54 states of similar structure. The transitions to the1

FIG. 6. Centroid-shift plot fromb-g-t delayed coincidences
The prompt curve~dashed line! is deduced from positions of cen
troids for the time distributions of lines in the schemes of100Zr and
100Mo known with high accuracy@40#, but it may have to be trans
lated due to electronic unstabilities occurring in the time betw
the A5112 andA5100 measurements; see text.

TABLE VII. Quantities deduced from angular correlation da
They result from a fit of a set of experimentalAkk coefficients.
Mixing ratios are expressed as arctan(d) in degrees. Errors are stan
dard deviations.

d or B2 I i I f Deduced value

d(388) 2 2 -78~3!

d(748) 3 2 from -69~-5! to -36 ~17! a

d(360) 3 2 690 ~3!

d(1098) 4 3 -2~3!

d(1312) 4 4 from -37~-10! to -6 ~11!

d(1472) 4b 4 -1 ~-16,18!

5 b 4 29 ~-7,134!

B2(400) 5 ~4,5! b 0.28 ~10!

B2(560) 5 4 0.18~5! c

B2(1204) 5 6 -0.22~10!

aThis means that there are two solutions for arctan(d), 269° and
236°. One standard deviation covers the interval between th
values and it is25 on the lower side of the first value and17 on
the higher side of the second.
bI (2355)54 or 5. I 54 is favored by the solution arctan(d400)5

24(4)° in agreement with the expected noncollective characte
this transition, while arctan(d400) extends from 53° to 90° and
290° to 281° for I 55.
cOne solution is arctan(d560)521(3)° which allows a E1
(1M2) transition with M2 component much slower than th
single-particle estimate.
01431
e

states are very weak and this prevents conclusions base
the decay rate limits obtained for112Pd. Nevertheless, the
106Pd levels at 2757 keV (I p551) and 2306 keV (I p

542) @1# show some similarity with theI 55 andI 54 lev-
els mentioned above. This favors odd parity for theI 54
levels in the heavier Pd isotopes. In this case, the weak
of the transitions to the 21 states is naturally due to theirM2
character. We note that change of parity for the 51

→42560 keV transition is possible owing to the existen
of a solution with a very smalld(560) value; see Table VII.
In this case, the partial half-life upper limit of 0.80 ns le
plenty of room for a strongly retardedM2 component in the
560 keVE1(1M2) transition.

In addition to the above-mentioned levels,110Pd exhibits
two other levels having no obvious partner level in112Pd.
They are strongly populated inb decay but were not re
ported in other studies, a fact that suggests a noncollec
character. As discussed previously, we regardI p541 as the
most probable assignment for the 2791 keV level. The 19
keV level with I p5(3,4)1 is rather low lying, considering
the standard value of the pairing gap. However,108Ru, a
neighboring isotone of110Pd, has a level at 1826 keV with
strongb feeding in 108Tc decay@51# which could indicate
another quasiparticle~broken neutron pair! configuration at a
comparable excitation energy, showing that the 1900 k
level is not a singularity.

D. Beta decay of112Rh

The b decay of the 11 Rh state populates a number
levels including the112Pd ground state, the two low-lying 01

states, the four well-established 21 states, and other variou
levels. Most of theb branches are slow with logf t values
larger than 6.5. This is contrasting with the decay of t
high-spin state which strongly favors the 2755 keV lev
with logf t54.9 while other branches are weak. For this re
son, it is not possible to definitely assign a spin to the hig
spin state other thanI 54, 5, or 6. The very small overlap o
levels fed in both112Rh decays seems to favor the large
values of 5 or 6 with respect toI 54.

The neighboring odd-proton45Rh isotopes@52#, have
their ground states built on the seniorityv53 (g9/2)

3 con-
figuration leading to theI 5 j 21 anomaly, i.e.,I 57/2 @53#.
In Ag isotopes, this configuration is also below the sing
g9/2 proton one, but the ground state is thep1/2 orbital. The
low-lying neutron levels in odd-Pd nuclei include 5/21,
1/21, and 11/22 levels which are known experimentall
throughout the systematics@1# and can be probably assoc
ated withd5/2, s1/2, andh11/2 single particles. However, the
strongestb branch populates another 5/21 level at moderate
excitation energy with logf t values typically of 5.0. This
level can be thought of being built on a core1 particle
coupling where the particle is theg7/2 neutron produced by
Gamow-Teller decay of one of theg9/2 protons in thev53
Rh ground state.

Accordingly, the p(g9/2)7/21
3

^ nd5/2 and pg9/2^ ng7/2

configurations probably represent the dominant compon
in the lowest-lying 11 states of112Rh. Experimentally, two
11 states separated by 327 keV are known, both be

n

.
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TABLE VIII. List of g rays from decay of the110Rh high-spin state. One hundredg-intensity units
correspond to ab feeding of 90%. The confidence of a coincidence relationship for transitions bet
brackets is less than or equal to 2s. The intensities of the 374, 440, and 814 keVg rays have been scale
such as to balance the population of the 21 states at 374 and 814 keV without directb feeding.

Energy@keV# g intensity From To Coincident lines

291.6 ~2! a 2.0 ~4! 1212 921 374, 544, 547, 688,~891!,
905, ~1049!, 1579, 1594

373.8 ~2! 100. ~38! 374 0 292, 399, 440, 478, 502,
544, 547, 585, 589, 653,
688, 804, 818, 838, 891,

905, 979, 1049,b 1087, 1217,
1231, 1340, 1392, 1407, 1579,

1594, 1870, 1884
398.6 ~2! 22.2 ~12! 1212 814 374, 440, 544, 688, 814,

891, 905, 1049,~1579!, 1594
439.8 ~2! 32.9 ~21! 814 374 374, 399, 502, 544, 585,

589, 688, 804, 818, 891,
905, 1049, 1087, 1392, 1407,

1594
477.8 ~2! 8.1 ~6! 1398 921 374, 502, 547, 589,~818!,

~891!, ~905!, 1392, 1407
501.9 ~2! 3.6 ~10! 1900 1398 374, 440, 478, 547, 585,

~814!, 891, 905
544.4 ~2! a 6.8 ~12! 2805 2261 292, 374, 399, 440, 547,

814, 838, 1049, 1340
546.9 ~2! 43.1 ~27! 921 374 292, 374, 478,~502!, 544,

589, 653, 688,~804!, 818,
891, 905, 979,~1049b!, 1217, 1231,

1340, 1407,~1594!, 1870, 1884
584.6 ~2! 15.2 ~12! 1398 814 374, 440, 502, 589, 804,

814, 818, 891, 905, 1050,
1392, 1407

588.8 ~2! a 4.1 ~4! 1987 1398 374, 440, 478, 547, 585,
804, 814, 818

653.3 ~2! 18.3 ~16! 1574 921 374, 547, 1217, 1231
687.7 ~2! 32.6 ~24! 1900 1212 292, 374, 399, 440, 547,

814, 838, 891, 905
803.5 ~2! a 1.1 ~3! 2791 1987 ~374!, 440, ~478!, ~547!, 585,

589, ~814!
813.6 ~2! 11.5 ~14! 814 0 399,~502!, 544, 585, 589,

688, ~804!, 891, 905, 1049,b

~1087!, ~1392!, 1407, 1594
817.6 ~2! a 2.0 ~6! 2805 1987 374, 440, 478, 547, 585,

589, ~814!
838.2 ~3! 23.9 ~19! 1212 374 374, 544, 688, 891, 905,

1049, 1579, 1594
890.5 ~3! 10.0 ~12! 2791 1900 374, 399, 440,~478!, 502,

547, ~585!, 688, 814, 838,
979

904.5 ~3! 19.5 ~20! 2805 1900 292, 374, 399, 440,~478!,
502, 547, 585, 688, 814,

838, 979
979.2 ~3! 3.2 ~6! 1900 921 374, 547, 891, 905
1048.5 ~3! a 7.8 ~16! 2261 1212 ~292!, 374, 399, 440, 544,

~547!, ~814!, 838
1049.5 ~3! 1.6 ~6! 2448 1398 374, 440, 585, 814
1086.5 ~3! a 7.0 ~24! 1900 814 374, 440, 814,~891!, 905
1216.5 ~3! 2.2 ~6! 2791 1574 374, 547, 653
1230.9 ~3! 8.1 ~15! 2805 1574 374, 547, 653
1340.0 ~3! a 2.8 ~6! 2261 921 374, 544, 547
1392.1 ~3! a 9.3 ~10! 2791 1398 374, 440, 477, 547, 585,

~814!
1406.6 ~3! 4.7 ~7! 2805 1398 374, 440, 477, 547, 585,

~814!
1579.2 ~4! 1.1 ~5! 2791 1212 ~292!, 374, 399, 440, 547,

~814!, 838
1593.6 ~3! a 4.0 ~9! 2805 1212 292, 374, 399, 440, 547,

~814!, 838
1869.5 ~5! a 2.0 ~4! 2791 921 374, 547
1884.1 ~4! a 5.1 ~9! 2805 921 374, 547

aTransition previously not observed inb decay.
bBoth transitions of 1048.5 and 1049.5 keV are coincident in this gate.
014315-16
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FIG. 7. A new transition of 544 keV in110Pd. The inset~a! shows the transitions of 544.4 and 546.9 keV resolved by the planar dete
The projection ofg-g coincidences recorded with coaxial detectors~b! shows the coincident transitions leading to the placement of the
keV transition from the 2805 keV level to a new level at 2261 keV. Open squares mark transitions due to contamination by the
transition in the gate.
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strongly fed in the112Ru decay@54#. Both above-mentioned
configurations should be present to some extent in the w
function of the 11 Rh state. Thep(g9/2)7/21

3
^ nd5/2 configu-

ration could decay to high-lying levels where thed5/2 neu-
tron spectator is coupled to the residualg7/2 neutron. Such a
level could be the level at 2747 keV. The otherpg9/2
^ ng7/2 configuration could directly decay to the112Pd
ground state by a Gamow-Teller transition of the unpai
g7/2 neutron. In both cases, however, the transitions are
especially fast, which could indicate that this is an overs
plified picture.

We tentatively could invoke a similar mechanism to a
count for the decay of the high-spin112Rh state. The logf t
value of 4.9 for the decay to the 2755 keV level is inde
very close to the logf t values of about 5.0 for the odd-R
decays to the low-lying excited 5/21 state. A simple way to
account for the strong decay branch to the 2755 keVI 55
level is to add another 5/2 units of angular momentum p
vided by a neutron spectator to both initial and final stat

TABLE IX. B(E2,22→0)/B(E2,22→21) ratios for 112Pd ~this
work! and for its neighbors@14,1#.

Ru isotopes Pd isotopes Cd isotopes

106Ru 0.086~2! 108Pd 0.011~2! 110Cd 0.044~1!
108Ru 0.098~15! 110Pd 0.017~1! 112Cd 0.045~5!
110Ru 0.070~7! 112Pd 0.019~1! 114Cd 0.023~3!
112Ru 0.040~4! 114Pd 0.025~3! a 116Cd 0.055~13!

ad(22→0) was assumed infinite.
01431
ve

d
ot
-

-

d

-
s,

thus makingI (112Rh)56. This could be achieved either by
d5/2 or a h11/2 neutron. The decay rate of the 1659 keV tra
sition as discussed previously favors even parity and,
such, the oddd5/2 neutron. We note that ag7/2 neutron would
not be a spectator as it could decay. Moreover, the final s
would include an even number ofg9/2 protons and be incon
sistent withI 55.

The decay of110Rh has three main branches. The stro
gest one populates the 2805 keV level in110Pd. This level is
assumed to correspond to theI 55 level at 2755 keV in
112Pd. This analogy leads toI p551 and 61 for 110Rh and
112Rh, respectively. As stated above, theI p57/21 ground
state of odd-mass rhodium isotopes is a seniorityv53 state
built out of g9/2 protons and the odd neutron orbital isd5/2.
According to the parabolic rule@55#, I 55,6 are energetically
favored by thel 1s character of both involved odd nucleon
Thus, the proposed Rh spins are in agreement with
simple model. The other low-lying configuration ispg9/2

TABLE X. B(E2,3→21)/B(E2,3→22) ratios for 112Pd ~this
work! and for its Pd and Ru neighbors@14,1#.

Ru isotopes Pd isotopes

108Ru 0.045~5! 110Pd 0.014~3! a

110Ru 0.043~4! 112Pd ~0.008, 0.020! b

112Ru 0.053~4! 114Pd 0.025~2! a

aBoth d(3→21) andd(3→22) were assumed infinite.
bRange ofB(E2) ratio is due to the range ofd values for the 748
keV (3→21) transition.
5-17
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FIG. 8. Comparison of low-spin levels in110Pd @1,13,14,16# and 112Pd ~this work!. The lowest 01 level is found in 110Pd with two
neutron fewer than at midshell. The seemingly two-phonon multiplet is in fact due to closely lying 21 head of theg band, 41 member of
the ground-state band, and 01 intruder state. The tentative assignments to the 1715 and 1888 keV levels in112Pd are only based on th
expectation for the 41 states extending the bands on the 01 states at 1140 and 1126 keV, respectively.
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^ ng7/2 which, however, favors the 11 state with respect to
the states of large spin. As a consequence of these opp
contributions it is not possible to predict the respective po
tions of the 11 and high-spin states of odd-odd rhodiu
isotopes by these simple considerations.

VI. CONCLUSION

In this work, detailed decay schemes for both states
112Rh have been constructed. New information has b
gained on the levels of the daughter nucleus112Pd. The
ground-state andg bands are observed up to theirI p561

states. Mixing ratios for theDI 51 transitions from the 22
1

and 31
1 states have been measured, which should help

refine the calculations of the collective states. In additi
two sets of 01 and 21 states have been identified and ne
bands have been proposed. The one with the head at
keV seems to be extended to the 1888 keV level as its1

member. The bandhead energy is lowest for110Pd and not
for the midshell nucleus112Pd, meaning that a shift to lowe
neutron numbers starts withZ<46 in palladium isotopes
The fact that the energy systematics for theK51/2 band in
45Rh isotopes exhibits the same shifted pattern might p
vide a useful hint for an explanation to come.
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An I 55 quasiparticle state at 2755 keV is strongly f
(logf t54.9) in the decay of the high-spin112Rh state. The
lifetime limit and the close analogy with108Rh decay favors
even parity. We propose that thisb decay proceeds by th
same mechanism as the odd-RhI p57/21 decays and that a
neutron spectator (d5/2 if even parity! is added in the decay
of 112Rh to 112Pd. TheI 54 level at 2195 keV is anothe
quasiparticle state, tentatively of odd parity. These pairs
quasiparticle states are observed in neutron-rich Pd isoto
up to 112Pd. The irregularity in the systematics being no
removed by the new data for110Pd, they exhibit a very
smooth trend of excitation energies, with a very slight d
crease with increasing neutron number.

The structure of112Rh is still an open question. Spin an
parity of the high-spin level could not be determined bet
than I 5(4,5,6) from purely experimental data, while th
above arguments result inI p561. The new data for110Pd
definitely assign a spin lower than 6 and the most proba
assignment isI p551.

Finally, this study demonstrates the improved experim
tal possibilities for structure studies in this region of refra
tory elements using the IGISOL technique. It should be p
sible to perform more detailed measurements for some of
most produced nuclei. Especially appealing are lifetime m
5-18
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Jones, R. Julin, and J. A¨ ystö, Eur. Phys. J. A2, 25 ~1998!.

@28# J. C. Wanget al. ~unpublished!.
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J. Äystö, in Nuclear Fission and Fission-Product Spectro
copy, edited by G. Fioni, H. Faust, S. Oberstedt, and F.
Hambsch, AIP Conf. Proc. No. 447~AIP, New York, 1998!, p.
135.
01431
n,

.

u,

-

,

.
,

r-

.
,

.
,

-

P.

.

.

.

@32# G. Lhersonneau, P. Butler, J. F. C. Cocks, A. Honkanen,
Huhta, P. M. Jones, A. Jokinen, R. Julin, S. Juutinen,
Lampinen, D. Mu¨ller, E. Mäkelä, M. Oinonen, J. M. Par-
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