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Measurements of electromagnetic decay strengths in92Ru with cluster detectors
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High-spin states in92Ru were populated via the reaction58Ni( 40Ca,a2p) at 145 MeV beam energy. Using
six EUROBALL cluster detectors we measured lifetimes by means of the recoil distance Doppler shift method
and are able to propose several significant changes in the published level scheme of92Ru. While the observed
spin dependence ofM1- and moderately enhancedE2-strengths is well reproduced by the shell model in the
parametrization by Gross and Frenkel, the use of a surface delta residual force leads to less satisfactory results.
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Recent studies have shown that simple shell model c
lations with only theg9/2 andp1/2 proton and neutron shell
active can explain many experimental facets ofZ<50 nuclei
near theN550 shell closure@1#. While a surface delta re
sidual force@2# works about as well for the energies of th
yrast and yrare levels as the set of empirical two-body ma
elements deduced by Gross and Frenkel@3#, the latter ap-
proach much better reproduces, on average, the distribu
of M1 andE2 g-ray strengths. However, the agreement b
comes worse when approaching theN546 borderline to the
quadrupole deformed region@1,4–7#. As the effective shell
model parameters@3# have been fitted by taking88Sr ~Z538,
N550! as the core, it is nota priori clear how successful thi
approach is when increasingZ and approaching100Sn @8#.

*Present address: The Svedberg Laboratory, Uppsala Unive
Box 553, S-75121 Uppsala, Sweden.
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Therefore we have started a systematic study ofN<50 Ru,
Rh, and Pd nuclei~Z544–46!.

The high-spin spectrum of theZ544, N548 nucleus
92Ru has previously been studied by Nolteet al. @9# and by
Arnell et al. @10#. Their ‘‘tentative’’ level scheme feature
several irregularities in the level ordering typical of pairin
effects: low- and high-energy transitions follow each oth
giving rise to nanosecond isomers and making it difficult
order theg rays in the level scheme according to their inte
sities. The primary motivation of the present lifetime me
surements in92Ru by means of the recoil distance Doppl
shift ~RDDS! technique was to determine the absoluteM1
and E2 transition strengths and their spin dependence.
use of six highly efficient EUROBALL cluster detectors@11#
allowed us to measure the lifetimes in thegg-coincidence
mode with appropriate gating conditions, which also led
significant revisions in the published level scheme@10#.

The experiment was performed by means of the reac
58Ni( 40Ca,a2p) 92Ru using a 3-pnA 145 MeV40Ca101
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provided by the Heidelberg MP-tandem accelerator. T
plunger apparatus consisted of a 1.0 mg/cm2 stretched58Ni
foil ~enrichment 99.9%! and a 16.6 mg/cm2 stretched Ta
stopper foil. Data were taken for 17 distances ranging fr
15 mm to 10 mm, corrected for an offset of 12~2! mm. Each
flight distance was set with a piezoelectric linear motor a
checked via a piezo-feedback system and the capacitan
the target-stopper system. For comparison, data were
taken at zero flight distance by using a 300 mg/cm2 gold-
backed58Ni target. In these spectra, no Doppler broaden
line shapes were observed, which would indicate effec
lifetimes below 0.5 ps. Theg radiation was detected in si
cluster detectors@11# arranged symmetrically around th
beam axis in two groups of three detectors at 41° and 1
respectively. This 233-cluster setup offers favorable cond
tions for Doppler-shift measurements, as for each direc
the data from all three cluster detectors, which were run
add-back mode@11#, were added, giving a total photopea
efficiency of 5.9%. Summed spectra gated on the 865, 9
and 817 keV transitions~stop peak! and the 357 and 852 keV
transitions~flight peak! are illustrated in Fig. 1.

In most cases, the decay functions were analyzed with
conventional RDDS approach@12# by setting coincidence
gates on the 817, 990, and 865 keV transitions below
isomeric „t5144~20! ns @9#… 2834 keV ~81

1) state, which
have only stopped components, thus selecting the relati
weak 92Ru reaction channel~'10% of the total fusion cross
section!. The correct feeding patterns, as deduced from
g-ray intensities, were taken into account. In some rare ca
finite sidefeeding timestSF52–5 ps had to be assumed
order to improve the fits. For several states, spectra in c
cidence with the flight components of short-lived discre
feeders could be created to apply the differential decay cu
method~DDCM! @13#.

As mentioned in@10#, in some cases it was not possible
fix the level order in92Ru solely on the basis ofg-ray inten-
sities~with uncertainties due to close-lying doublets! without
any additional information such as the observation of cr
transitions. Figure 2 shows the relevant part of the le
scheme of92Ru taken from@10#, but modified according to
the results of the present experiment. Changes were ma
the level orderings involving the threeg-ray sequences o

FIG. 1. Typical spectra with gates set on flight and stopp
components as indicated~distance: 1000mm!.
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161-804-565 keV, 757-639-774 keV, and 84-1319 keV,
spectively. Coincidence recoil distance data can provide
rect information concerning this point: the occurrence
stopped and/or flight components in coincidence with th
of one of the otherg rays in the cascade defines the ord
i.e., it would be a contradiction to observe a flight compon
of a subsequent transition in coincidence with the stop
component of the preceding one. With this method the fi
two of the sequences mentioned above have been reord

In the case of the 84-1319 keV cascade, the RDDS d
indicate a reversal in a less direct way. In the previous w
@10#, the 84 keV transition was placed to depopulate
(172) level at 7061 keV, leading to a tentative~162) state at
6977 keV. In Fig. 3, the decay curvesR(d) of the stopped
components of the transitions with 439, 1319, 357, and 8

d

FIG. 2. Relevant part of the level scheme of92Ru from the work
of Arnell et al. @10#, modified according to the results of the prese
study ~see text for details!.
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FIG. 3. Decay curvesR(d) of the 439, 1319, 357, and 852 keV transitions. The dashed line indicates the decay function expected
357 keV line assuming a feeding pattern corresponding to the level order suggested in@10#.
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keV, relevant for the following discussion, are shown. T
decay functions of the 84/86 keV doublet could not be
tracted. The decay curves of the 1319 and 439 keV tra
tions both yield a lifetime oft579~5! ps for the 7061 keV
(172) state, taking into account the fast feeding via t
1232-342-598 keV cascade. According to the previous le
ordering, the decay curve of the 357 keV transition wou
have to be described with two nearly equally strong feed
components, one from the short-lived~162

1) and ~171)
-
i-

el

g

feeder states~,2 ps! and one from the~172) level with
t579~5! ps. However, applying this feeding pattern, the d
cay curve cannot be described, as demonstrated in Fig. 3
reproduce the experimental data, a longer feeding compo
is required. The same is true for the decay function of
852 keV transition. Due to this fact, we suggest that the 13
keV g-ray depopulates the~172) state, leading to a~161

1)
level at 5742 keV, which is depopulated by the 84 keV tra
sition. The long feeding necessary to describe the experim
TABLE I. Summary of lifetimes and transition strengths determined in92Ru.

Ex ~keV! I p t ~ps! I i
p→I f

p Eg ~keV! I g ~%! B(M1) ~mW.u.! B(E2) ~W.u.!

2994 ~82
1) ,18 ~82

1) → ~81
1) 161b 80.2~10! .390

3798 ~101) 6.7~35! ~101) → ~82
1) 804 100.0~8! 14.7~77!

4363 ~121) 79~6! ~121) → ~101) 565 95.6~8! 7.3~6!

5215 ~131) ,2 ~131) → ~121) 852 55.6~9! .26
5282 ~141

1) ,10 ~141
1) → ~121) 919 20.5~12! .5

5572 ~142
1) ,2 ~142

1) → ~131) 357b 46.9~9! .345
5658 ~151) 14.5~48! ~151) → ~142

1) 86b 46.9~9! c 2106~707!
~151) → ~141

1) 376b 4.2~4! 3.6~14!

5742 ~161
1) 200~80! ~161

1) → ~151) 84b — 177~71!

3292 ~72) 23~7! ~72) → ~52) 757 22.2~7! 5.8~18!

3931 ~92) ,5 ~92) → ~72) 639 17.3~7! .62
4705 ~112) 15.7~42! ~112) → ~92) 774 18.3~4! 7.6~21!

5599 ~132) ,2 ~132) → ~112) 893 9.0~5! .23
6621 ~152) ,2 ~152) → ~132) 1023 10.4~7! .11
7061 ~172) 79~5! ~172) → ~152) 439 11.8~9! 8.5~8!

7659 ~182) ,1 ~182) → ~172) 598 24.1~10! .140
8001 ~192) ,1 ~192) → ~182) 342b 16.6~10! .785
9233 ~212) 3.5~4!a ~212) → ~192) 1232 30.3~19! .2.9

aEffective lifetime.
bCorrected for electron conversion according to@21#.
cAssuming no sidefeeding into the 142

1 state.
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tal decay curves of the 357 keV and 852 keV transitio
would then originate from this state. The sum of the lifetim
of the (151) and the ~142

1) states was determined to b
t514.5~48! ps via the DDCM method. Due to the sma
transition energy of 86 keV, this lifetime is likely to belon
to the~151) level, whereas the lifetime of the~142

1) state is
short ~,2 ps!.

Based on the measured decay functions, we obtained
lifetimes and transition strengths—or their limits—
summarized in Table I. Nolteet al. @9# determined an effec
tive lifetime of 124~13! ps for the 804 and 565 keVg rays
which we can now attribute to the lifetime of the 4363 ke
state. One notes that the decay functions are dominate
the long lifetimes of few yrast states at 4363 keV@~121),
79~6! ps# , 5742 keV @~161

1), '200 ps#, and 7061 keV
@~172), 79~5! ps#. For that reason, the shorter lifetimes of t
intermediate states were not accessible at all or could onl
deduced with large errors. Finally, the 2535 keV~52) level
does not decay within the flight path of 10 mm, leading to
lifetime limit of t .1.5 ns, in agreement with the know
valuet~52)523~3! ns @14#.

The measuredM1 andE2 transition strengths will now
be compared with the predictions of the shell model, ba
on the truncation of the model space tog9/2 and p1/2 for
protons and neutrons and the single-particle energies
two-body matrix elements according to Gross and Fren
~GF! @3#. Details of these calculations, which were pe
formed with the computer codeRITSSCHIL @15#, have been
given in several previous papers, in particular for high-s
states in theN548 isotones89Nb @16#, 90Mo @7,17,18#, and
91Tc @1#, as well as in the neighboring Ru isotopes90,91Ru
@19#. For comparison, we also present the results of calc
tions done with two-body matrix elements calculated with
surface delta residual force~SD! @2#. In Fig. 4, the measured
M1 and E2 strengths are summarized in comparison w
the theoretical values labeled GF and SD. Both parametr
tions give very similar predictions of theM1 strengths~'1
W.u.! for all the transitions, except the 151

1→141
1 transition.

Interestingly, both GF and SD support the very largeB(M1)
of the 151

1→142
1 transition ~2 W.u.!, but disagree in their

predictions of the strongly reducedB(M1) of the 151
1→141

1

transition~3.6 mW.u.!, which is better reproduced by SD~2
mW.u.! than by GF~100 mW.u.!. Looking at the calculated
wave functions listed in Table II, one notes, indeed, the la
overlap between the 151 and 142

1 configurations in both cal-
culations: the main components only differ by the total sp
to which thevp52, I p58 proton part and thevn52, I n58
neutron part do couple. In contrast to this, the very differ
configuration of the 141

1 state only allows for a very wea
151

1→141
1 M1 strength. We have identified similar grou

ings of M1 strengths in88,90Mo @7# and 90Tc @1,20#. In each
of these nuclei, a class of several large~'1 W.u.! and an-
other class of a few smallM1 transitions~'20 mW.u.! have
been encountered. Concerning theE2 strengths in92Ru also
presented in Fig. 4, the GF values are concentrated aro
10 W.u., while the SD values scatter over two orders
magnitude. This is a consequence of the fact that SD o
emphasizes rapid changes of seniority at spin values w
can be reached only by breaking one additional pair of nu
ons. The GF wave functions, on the other hand, are m
s
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strongly mixed in seniority@1#. The measuredE2 strengths
agree with the GF values or are much closer to them and
not compatible with the fluctuatingE2 strengths predicted by
SD.

To summarize, the present coincidence recoil dista
lifetime experiment in92Ru has profited from the large effi
ciency of the new EUROBALL cluster detectors, which a
lowed us to overcome the difficulties of the previousgg-
coincidence study@10#. On the basis of the presen
experiment, we consider the coincidence recoil distance te
nique not only as necessary to measure ps lifetimes
weakly populated nuclei, but also to establish level orders
high-spin cascades of shell model structure having irreg
patterns of low-energy and high-energy transitions. In92Ru,
we measured 10–100 ps lifetimes and proposed three sig

FIG. 4. Comparison between experimental and theoretical t
sition strengths in92Ru for ~a! M1 transitions and~b! E2 transi-
tions. The solid lines indicate the values calculated using the
parameters, the dashed lines represent the results obtained wi
SD interaction.

TABLE II. Main partitions of the wave functions of the 151,
141

1 , and 142
1 states.

State Partition GF~%! SD ~%!

151 p8
2n8

22 73.7 80.1
p7

4n8
22 12.1 3.7

142
1 p8

2n8
22 43.1 78.9

p8
2n6

22 17.2 2.0
p7

4n8
22 15.1 3.4

p6
2n8

22 3.0 2.0
p6

4n8
22 1.3 0.8

141
1 p8

2n8
22 4.1 0.04

p8
2n6

22 22.0 37.8
p7

4n8
22 1.8 0.7

p6
2n8

22 37.5 38.8
p6

4n8
22 20.2 5.9
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cant changes to the previously published level scheme.
transition strengths are, on average, well reproduced by
shell model approach with Gross-Frenkel parameters, wh
are superior to the surface delta interaction matrix eleme
The most relevant result of this work refers to the decay
the 151 yrast state to the 141 yrast and yrare states, viaM1
transitions differing in strength by more than two orders
he
he
h

ts.
f

f

magnitude. These twoB(M1) values, indeed, nicely suppo
the shell model structures.
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