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High spin states and shell model description
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High spin states in the neutron deficient isotopes Ru and 'Ru have been studied in the 2p2n
and 2pn exit channels of the reaction Ar + Ni using the 149 MeV Ar beam at VICKSI and the
OSIRIS array. By gating the pp coincidences with evaporated neutrons and protons, excited states
in Ru were identi6ed for the 6rst time and the level scheme of Ru was extended. In both nuclei,
the level energies and branching ratios follow the predictions of shell model calculations performed
within the (lgs~z, 2piyz) single-particle space.

PACS number(s): 21.60.Cs, 23.20.En, 23.20.Lv, 27.60.+j

I. INTRODUCTION

Neutron deficient nuclei with 2=80—90 of the Z=40—
44 elements encompass the borderline of the transition
region between deformed nuclei (centered around 7sSr)
and spherical nuclei (when approaching the N=50 shell
closure). In this transition region, rapid nuclear shape
changes with particle number or angular momentum may
occur. Recent studies of neutron deficient Nb, Mo, and
Tc nuclei have identified excited states in these nuclei
or extended already existing level schemes [1—13]. In
contrast to isotopes with N ( 45 which show features
of transitional nuclei between deformed and spherical
shapes (such as triaxiality and shape coexistence), the
neutron deficient Mo and Tc isotopes with %=46—48 are
only weakly deformed and can be well described in the
framework of the spherical shell model. In this paper
we describe in-beam p-ray studies of the isotopes Ru
(Z = 44, N = 46) and 9iRu (Z = 44, N = 47). The
ground state of siRu has been assigned 9/2+ in a P+
and electron capture decay study [14] and an isomeric
excited 1/2 state has been identified by Hagberg et al.
[15]. However, the excitation energy of this isomer has
not been determined. The occurrence of a 9/2+ ground
state and an excited 1/2 isomer agrees with systematics
in this mass region [16]. Very recently, Arnell et al. re-
ported excited states in s Ru [17]. However, no detailed
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model interpretations were performed in that study. We
have identified excited states in Ru for the first time
and extended the siRu level scheme. In addition, shell
model calculations of both nuclei have been performed
within a very restricted model space.

II. EXPERIMENT AND DATA ANALYSIS

Ru and Ru were produced in the reactions
ssNi(ssAr, 2p2n) and ssNi(ssAr, 2pn) with a 20 mg/cm
ssNi target enriched to 99.98%. The 149 MeV Ar beam
was provided by the VICKSI cyclotron at the Hahn-
Meitner-Institute in Berlin. p rays following the heavy-
ion fusion-evaporation reaction were measured with the
OSIRIS spectrometer [18] consisting of 12 escape sup-
pressed Ge detectors mounted at 65' and 115' to the
beam axis. An additional large-volume Ge detector was
mounted at 162 in order to search for Doppler broad-
ened line shapes and p-ray anisotropy ratios. Evaporated
neutrons and charged particles were detected in seven
NE 213 neutron detectors [19] and four 300 pm thick b,E
silicon surface barrier detectors, respectively. Details of
the experiment have been described earlier [7,8].

In the data analysis the ratios R„= I(2np)/I(np) and
R~ = I(pnp)/I(np) of p-ray intensities in spectra gated
with one proton and one or two neutrons have been de-
termined and are shown in Table I for several exit chan-
nels of the reaction. It can be seen &om Table I that
these ratios measure the multiplicity of evaporated neu-
trons and protons and thus determine the exit channel of
unassigned p rays.

The pp coincidences gated with neutrons and observed
in a time window of 20 ns around the prompt time
peak were sorted in a 4k x 4k E~q vs E~2 matrix. The
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TABLE I. Measured ratios of p-ray transitions,
R„= I(np7)/I(np) and R„= I(2np)/I(np) of nuclei in n
and p-gated spectra.

Nucleus

"Mo
91T
90T

Mo
"Ru
"Ru

Exit channel

4p
3p

3pn
A2pn
2pn

2p2n

R~(%)
27(1)
21(1)
22(1)
18(1)
17(1)
14(3)

R„(%)

5.1(2)
5.4(3)
5.3(2)
8(2)

I(pq at 162'; gated with p2 at 65', 115')
I(pq at 65', 115'; gated with p2 at 162')

were determined from the coincidence intensities

I(7q, p2). These DCO ratios have been used to assign
spins and parities to the levels as described in earlier pa-
pers [7,8,10).

level schemes have been constructed from the observed
coincidences and p-ray intensities using the computer
codes LEONE [20] and TRIXI [21]. The p-ray intensities
were determined from the total projection of the n-pp-
coincidence matrix. For weak transitions the intensities
had to be determined from coincidence spectra and were
normalized to reference transitions. No Doppler broad-
ened line shapes were observed in the additional detec-
tor at 162'. Due to the weak population of the 2p2n
exit channel, directional correlations of oriented states
(DCO) could not be determined for transitions in soRu.
Therefore, the assigned spin-parities are based on system-
atics in this mass region and the shell model calculations.
In the case of Ru the measured p-anisotropy ratios of
Ref. [17] and some DCO ratios f'rom the present exper-
iment were used in addition to these arguments. The
DCO ratios

III. THE LEVEL SCHEMES OF Ru ~ND R~

A. ~ORu

Due to the weakness of the observed transitions, only
a cascade of nine transitions in Ru could be identi6ed.
These transitions are shown in Fig. 1(a) which is a sum
of p-p coincidence spectra gated on the transitions 738,
512, 886, 773, and 291 keV. The level scheme deduced
from the observed coincidences is shown in Fig. 2. The
transitions have been placed in the level scheme accord-
ing to their relative intensities. Due to the comparable
intensities of the transitions 291, 367, 773, and 976 keV,
there might be alternative orderings of these transitions
and thus of the highest observed states. No evidence for
noncascade or crossover transitions to other weakly pop-
ulated cascades have been found. Table II summarizes
the measured p energies and intensities in Ru.

The energies of the most intense transitions in Ru
(738, 900, 946, and 512 keV) follow very closely those
in the isotone ssMo ( 741, 914, 972, and 586 keV) [7].
Assuming the transitions of the observed cascade are de-
cays of the yrast states, we tentatively assigned x = + to
all observed states in soRu. In ssMo [7], the sequence of
x = + states drawing the largest p Bux at higher spins
is the sequence 16+ -+ 15+ -+ 14+ ~ 12+. Due to the
similar level schemes of both nuclei at low spins, it would
be reasonable from systematics to keep the same assign-
ments in Ru. On the other hand, the p-ray branch-
ing ratios calculated in Sec. IVB rather predict a se-
quence 16+ ~ 15+ ~ 13+ ~ 12+ of the highest ob-
served states. The good agreement of the calculated and
measured level energies in the neighboring nuclei ' Mo
[7,12] and so'@~Tc [10,13] has shown the high predictive
power of shell model calculations in this mass region.
Due to the lack of experimental information in Ru, the
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(16 )
(15 )

(13,14 )

(12 )

291

II
773

II

976

6388

6098

5731

4958

as the negative parity sequence. Most coincidences ob-
served in [17] have been confirmed in our study. The
1.481 keV transition placed above the 7513 keV state in
the previous work was very weak in our data and could
not unambiguously be placed in the level scheme. In our
data the line at 1203 keV in the vr = —sequence is clearly
coincident with 317 keV and all transitions depopulating

(10 )

(8 )

886

III ~
512
'~ 1

3982

3096

2S84

TABLE II. Level energies, p-ray energies, and intensities
in Ru and Ru. The p-ray intensities have been measured
at 65' and 115' to the beam. The errors of the p-ray energies
are 0.1—1.0 keV depending on the p-ray energy and intensity.

E (keV) E& (keV) I~ RDco Gate I, ~ I&

"Ru

(4 )

(2 )

946

I I
1638

738

738 738.1
1638 900.1
2584 946.2
3096 511.9
3982 885.6
4958 975.6
5731 773.0
6098 367.0
6388 290.5

100(12)
9O(14)
7S(11)
64(s)
s9(7)
s5(5)
26(4)
24(s)
22(s)

(2+ } + o+
(4') (2')
(6+) -+ (4+)
(s+) ~ (6+}

(1o+} -+ (s+)
(12+) ~ (1o+)

(13+,14+ )m (12+ )
(15+) -+(1S+,14+ )
(16+} —+ (15+}

0+
90

,„RU„

FIG. 2. Level scheme of Ru from present work. The
width of the arrows measure the relative intensities of the
transitions.

similarities to Mo and the results of the shell model
calculations guided us in tentatively assigning spins and
parities. Therefore, we tentatively assigned the spins and
parities 12+, (13+,14+), 15+, and 16+ to the highest ob-
served states.

974 973.5
1872 898.6
2369 497.4
2985 616.1
3192 207.2

822.9
3633 648.5

1264
3969 336.4

777.3
4151 959.0

181.8
5107 957.2
5960 852.9
6083 976.2

123.3
7513 1430

100(2)
90(5)
41(3)
29(s)
zo(1)
15(z)
3(1)
4(1)
6(1)
1o(z)
s5(4)
7(2)
23(2)
10(2)
9(2)
4(z)
1o(s)

"Ru, n =
1.18(10)
1.12(9)

0.98{10)
o.4s(6)
0.30(5)
1.20(24)

+
B
C
B

ABC
ABC

C

0.51(20) C
0.87(15) ABC
0.20(8) ABC
1.01(20) ABC

(1s/2+) ~ (9/2+)
(17/2 } ~ {1s/2+}
(21/2+) m (17/2+)
(23/2+) m (21/2+ }
(25/2+) -+ (23/2+)

-+ (21/2+)
(25/2/+ ) m (23/2+ )

(21/2+ )
(27/2+ ) + (25/2+ )

(25/2~ )
(29/2+ ) + (25/2+ )

-+ (27/2+)
(33/2+ ) —+ (29/2+ )
(35/2+ ) m (33/2+ )
(37/2+) + (33/2+)

-+ (s5/2+)
(41/2') ~ (37/2')

B. 9'Ru

A Grst tentative level scheme of Ru has been reported
by Arnell et aL [17]. These authors studied s~Ru in
the reaction sNi(4eCa, a2pn) at 187 MeV. p rays from
excited states in Ru were assigned &om n-p and o.-

p coincidences. Spin-parity assignments of the excited
states were deduced f'rom p-ray flux arguments and p-
ray anisotropy ratios measured in projected spectra at
143' and 79(101)' to the beam.

Ru data &om our experiment are shown in Figs.
1(b) and 1(c). Displayed are coincidence spectra showing
transitions between the assigned positive parity states (b)
and negative parity states (c). The spectrum in Fig. 1(b)
is a sum of gates on the transitions 974, 497, 207, and
616 keV, while Fig. 1(c) is a spectrum coincident with the
transitions 317, 609, 1005, and 1203 keV. Peaks labeled
"C" in spectrum (c) denote contaminating oTc p rays in
coincidence with the 609 keV transition [10]. The Ru
level scheme deduced from these data is shown in Fig. 3.
Similar to Ref. [17],all spin-parity assignments are based
on indirect evidence or systematics or DCO ratios with
fairly large uncertainties and are thus to be considered as
tentative. Following the arguments presented in [17], we
have classi6ed the cascade of p rays showing the largest
p Qux as the positive parity sequence, the other cascade

1893 919.4
2200 328.1

306.9
2254 360.9
2409 155.6

209.5
516.2

2709 300.1
509.4

2927 218
728.0

3005 296.3
804

3165 964.5
236.8
455

3555 390.6
845.4
549.2

3894 339
889.4

4036 871.4
142

4380 343.9
825.0

4992 612.2
1022

5997 1004.5
6314 317.4
6922 608.5
7517 1203
8148 1226

"Ru, n =—
1s(z) {1s/2-)
29(2) 0.81(11) AB (17/2 )
1o(2)
7(1) (»/2-)
3(2) {17/2& )
4(1)
4(1)
7(1)
4(2)
2(1}
6(1} 0.46(22) AB
3(1}
2{1)
19(2) 1.15(26) A (21/2 )
4(1)
2(1)
12(1) 0.54(21) AB (23/2 )
8(1)
3(l)
2(1) {23/22 )
7(1)
18{2) 1 02(20) AH {25/2 )
2(1)
15(2) 0.53(15) AB (27/2 )
12{1)
23(2) 1.59(28) AB (29/2 }
2(1)
zo(z)
15(2)
10(1)
12(2}
9(z)

(»/2 )

(19/2, )

(19/2 )

~ (1s/z+)
(17/2+ )
(13/2 )
(13/2 )

-+ {15/2-)
(17/2 )
(13/2 )

m (17/2 )
{17/2 )

-+ (19/2-)
(17/2 )
(19/2 )~ (17/2-)

~ (17/2-)
{19/2& )
{19/2 )

-+ (21/2-)
-+ (19/2-)

(19/23 )
(23/2 )

-+ (19/z;}
(21/2 )~ (23/z. )

-+ (25/2-)
(23/2 )
(27/2 }
(»/2+}
{29/2 )
(33/2 )

-+ (35/2-)
—+ {35/2—

)
(37/2 )

Coincidence gate A: 974 keV; B: 899 keV; C: 497 keV.
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levels below the 6314 keV state, but not with the 609 and
1226 keV transitions. Therefore, this line was placed in
our level scheme parallel to these transitions, leading to
a new state at 7517 keV.

In Ref. [17], the energies E of the m = —states with
2200 keV & E & 3555 keV could not clearly be de-
duced &om pp coincidences. In the present work, a num-

ber of new transitions have been observed, giving rise to
four new m = —states with energies 2200 keV ( 8
4380 keV. The observed coincidences in our study and
the previously unknown connecting transitions between
the n. = —states confirmed the tentative placements by
Arnell et oL

The presence of a connecting transition between nega-
tive and positive parity states in addition to the 328 and
919 keV p rays is illustrated in Fig. 1(c) which shows a
sum of gates on the transitions 317, 609, 1005, and 1203
keV. Transitions between the positive parity states can
be found in this spectrum besides the 974 and 899 keV p
rays (e.g. , 497, 616, and 207 keV). The 1022 keV transi-
tion has been identified as the decay of the ~ = —state at
4992 keV to the presumed I =27/2+ state at 3969 keV.
The energy of this transition corresponds to the sum en-

ergy of two e+-e annihilation p rays. However, due to
the small detection efficiency of a single Ge detector in
OSIRIS (e 0.05%%uo at 1 MeV p-ray energy) and the short
coincidence time window of 20 ns, such events are very
iiaIikely.

Since the spin-parity assignments of the x = + states
are well supported by intensity arguments, DCO ratios,
and systematics of vr = + states in iRu and ssMo [12],
an El nature of the 1022 keV transition would give a
maximum spin I=29/2 of the state at 4992 keV. This is
in disagreement with Arnell et aL who assigned I~(4992
keV)=(31/2 ). Assuming that this line is an El tran-
sition with b.I = 1, we assigned I (4991 keV)=29/2
Arguing with the systematics of x = —states in siRu
and Mo, the spin-parities of states with E ( 4380
keV in Ru have been assigned similar to Ref. [17], the
spins of the x = —levels above 4380 keV differ by one
unit from those in Ref. [17]. The multipolarities of the
connecting transitions are in agreeinent with the previ-
ously measured p-anisotropy ratios except for the 612
keV transition which was measured to have an anisotropy
ratio characteristic for an E2 transition in Ref. [17] but,
according to our level scheme, must have Ml nature.

(41/2; 8148

(39/2; 1226 7517 (41/2 ) 7513

(37/2; 1203 6922
1430

(35/2

(33/2 '
317

6314

5997 37/2+ 123 6083
5960

1005 976 853

(29/2; (33/2 ) 5107

(27/2

(25/2
(23/2-', 825 142

339
(23/2

391
(21/2;
(19/2X)—237 l
(19/22)

(17/22)—728m 300
(15/2

X f 210
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307

889

218
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156/

361

3165
3005
2927

965- 2709
2409
2254
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328- 1893

(25/2+, )
(23/2+)

(21/2 )
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4380
1022

344 {29@M+)
4036 (27/2+) ~182
3894

871 3555 (25/22 ) 777

957

I
336

959

4151
3969

3633

649

207

II
616

~ I
497
11

1872

3192
— 1264 2985

FIG. 3. Level scheme of Ru.
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We note that the transitions observed in projected spec-
tra between 609 and 612 keV show a complex struc-
ture with an additional E2 component emerging from
oTc [10]. The DCO ratio RD~o=1.59(28) of the 612

keV p ray in our data is indeed not consistent with a
stretched E2 transition, but indicates a AI = 1 tran-
sition with large E2 admixture. Alternative spin-parity
assignments of the m = —states with 1893 keV & E
4380 keV (where the DCO ratios of the connecting transi-
tions could not be measured due to the weak intensities)
would lead to greater discrepancies with the previously
measured anisotropy ratios or to connecting M3/E4 p
transitions. However, more precise measurements are
necessary to deduce spin-parities of the presumed e =—
states unambiguously. The measured p-ray energies, in-

tensities and level energies in Ru are also summarized
in Table II.

IV. DISCUSSION

A. Shell model level energies and mave functions

Earlier work has shown that the N=47 and 48 nuclei
of Zr (Z = 40) and Nb (Z = 41) can be well described by
shell model calculations using a Sr core with protons
and neutrons in gs~2 and p~~2 orbits [22]. In previous
studies [7,10,12,13], it has been shown that this simple
model space also gives good agreement in the neutron de-
ficient Mo (Z=42) and Tc (Z=43) nuclei. In the present
work, shell model calculations were performed with the
code RITssCHIL [23]. As in the calculations of ss sMo

and so'~~Tc [7,12,10,13], the model space was restricted
to the g9~2 and p&~2 orbits outside the semimagic Sr
core. In @sRu (@~Ru) we have six protons above Z=38
and four (three) neutron holes below the N=50 shell clo-
sure. The single-particle energies and two-body matrix
elements (TBME) of the residual interaction were taken
from Gross and Frenkel [24] who fitted the TBME to the
data of the N = 49 and 50 isotopes of Z=40—44 nuclei.
In our calculations no parameter was adjusted except
for shifts of the ground states which were systematically
calculated to be bound too strong in all RITSSCHIL cal-
culations for Z=41—43 and N (48 [7,10—13]. However,
the level energies relative to the calculated ground states
agreed quite well with experiment. The deviations of the
ground-state energies can be understood as efFects of in-

creasing deformation for N & 46 or 7r(fsg2), 7r(psy2) exci-
tations both of which are neglected in the calculations. In
order to compensate the binding energy shift, the exper-
imental and calculated 8+ energies in oRu and 21/2+
energies in Ru have been aligned, leading to binding
energy shifts of 497 keV in Ru and 281 keV in Ru,
respectively.

Figure 4 compares the experimental and calculated
level spectrum of Ru. The agreement between experi-
ment and calculation in Ru, as measured with the mean
level deviation b,E [24], is good (BE=196 keV) and of
the same quality as earlier results of similar calculations
in the neighboring even-even nucleus ssMo [7]. Positive

7O~ E, (MeV)

e.o—

(16 )

(15 )

(13,14 )

"'""... 16
15

~,..... 13
14'
11

5.0— (12 )

4.0— (10 ) 10

3.0—

(6 )

8

2.0—
(4 )

2+

(2 )

0.0— 0+
exp. 90

44 46

FIG. 4. Comparison of experimental and calculated level

energies in Ru. The calculated states have been shifted in

order to align the 8+ states.

parity states up to spin I=S can be formed by config-
urations with seniority v=2 and up to spin I=16 with
v=4 (v = v + v ). However, the calculated wave func-
tions of the yrast states show a large mixing of [7r2(v

2), v 2(v„= 2)], [7r2(v = 2)] and [v (v„= 2)] config-
urations already at spin I=4. At higher spins I =8+—
16+ the configurations do not tend to correspond to two-
proton or two-neutron aligned states, but mixtures of

[7r(gs~2) v(gs~2), v=4] configurations. This can be as-
cribed to the increasing strength of the proton-neutron
interaction towards the middle of the 7r(g9y2) and v(gs~2)
subs hells.

In Ru the mean level deviation averaged over all
states, AE= 270 keV, shows that the calculation re-
produces the experimental level scheme reasonably well.
However, the degree of agreement between theory and
experiment is very difFerent in the vr = + and vr =—
states as seen in Fig. 5. The calculations excellently re-
produce the yrast 7r = + states (DE=73 keV), but much
less the yrare 7r = —states (b,E=410 keV). The main
reason for these deviations is that the energies of the
13/2 —21/2 states are predicted systematically 400—
600 keV too high. The agreement between experiment
and calculation is better at higher spins.

In a recent study, Sinatkas et al. [25] have calculated
excited states in N=48 —50 nuclei of Z=34—44 elements
using a doubly closed Sn core and a model space con-
sisting of gs~2, pqg2, fs~2, and psy2 orbitals. As effective
interaction, these authors used a second-order correction
of the Sussex matrix elements with one-hole energies de-
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33/2
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23/2
27/2
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21/2

19/2

I
/
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13/2
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similar to those in s Mo and Tc. Exceptions are the
wave functions of the 13/2, 15/2, 17/2, and 19/2
states in Ru where strong v=5 and v=7 partitions are
calculated.

An interesting detail of the calculations are the
structures of the 29/2 and 33/2 states. In these

states, a large v=5 partition is realized with aligned

7c(gg/2) v(pi/2) v(gg/2) configurations. We note that
here the negative parity is produced by a p1/2 neutron
hole and thus the proton structure of these states is very
similar to the x = + states.

B. Electromagnetic transition matrix elements

Matrix elements of electromagnetic E2 and M1 transi-
tions in '9 Ru have been calculated with RITsscHII, , us-

ing effective E2 charges e =1.72 and e„=1.44 and single-

TABLE III. Main partitions p and seniorities v

of wave functions in Ru. The con6gurations are
v(gQ/2)& s s (g9/2)i v v(pl/2)y s &(p1/2) ~

0.0—
9/2

exp. SM
91 exp.

7t,'=+ 91 n=—

4 RU47

$M

FIG. 5. Comparison of experimental and calculated level

energies in Ru. The predicted energies are normalized to
the 21/2+ states. For details see text.

termined from fits to over 100 levels of nuclei in this mass
region. The results obtained in the odd-A nuclei 9 Ru,

Tc, Nb, 8 Zr, and 9 Mo reproduced the excitation
energies of most observed states in a satisfactory man-
ner, but the calculations also tend to predict the 13/2
17/2 states by 300—500 keV higher than experiment.
Thus the limited configuration space in our calculation
might not be the reason for the observed deviations in
the negative parity states.

As the w = —states have n'(pi/2)m(gs/2) configura-
tions (Table III), the proton vr(gs/2) shell is half filled
in these states, so that the clear cut coupling scheme of
the vr = + states and all other nuclei studied before in
this region (i.e., x particles and v holes) is not valid any-
more. This may introduce ambiguities originating &om
not well-determined TBME in the interaction.

Table III lists the main components of the calculated
wave functions of the Ru states. As in the calculations
of ssMo and siTc [12,13] the configurations contributing
to the wave functions have been characterized accord-
ing to their seniority. In the positive parity states, a
~(gs/2) v(gs/2) configuration of seniority v = 3 (v„=l)
can generate a maximum spin I=25/2 and 37/2 with
v=5 (v„=3). The vr = —,v=3 (v =1) configuration
~(pi/2) n. (gs/2) v(gs/2) reaches up to spin 19/2 and
to I=31/2 with v=5 (v„=3). Only 3—4 partitions add up
to about 60'%%uo of the total wave function. The main com-
ponents of the Ru wave functions are generally very

Iw

9/2+
1S/2+

17/2+

21/2+

2S/2+

2S/2+

2S/2+

27/2+

29/2+

SS/2+

SS/2+

S7/2+

41/2+

Configuration
—1v

8

2 —1
9/2

2 —1
4 9//2
2 —8

1S/2
2 —1

7l'B Vg/2
2 —S
4 18/2
2 —1
8 9/'2
2 —8
8 18/2
2 —1
S 9/2
2 —8
S T/2
2 —1
8 9//2
2 —8

18/2
2 —1
S 9//2
2 —S
4
2 —S

18//2
2 —S
S 18/2
2 —S
S 18/2
4 —1
10 9/2
2 —8

11/2
2 —8
8 18//2
4 —1
10 9/2
2 —8
B 1T//2
2 —8
S 1T//2
4 —8

1S/2
2 —8

2 —S
8 21l2
4 —8

21/2
4 —8

1T/2
2 —8
8 21/'2

4 —8
1T//2

4 —8
10 21/2
4 —8
12 1T/2

~ p(%)
1 54
3 22

3 32

3 26

5 17

3 22

5 13

3 11

5 17

3 43

5 9

3 53

5 16

3 16

5 12

5 12

5 10

5 24

5 22

5 18

5 42

5 22

5 12

5 33

7 25

5 12

5 59

7 10

7 9

5 66

7 22

7 67

7 21

I
1/2-
1S/2-

15/2

17/2;

17/2;
19/2

21/2-

23/2

2S/2-

27/2

29/2-

33/2

3S/2-

37/2

S9/2-

Configuration
—1

li
(m m)8 v/

li
(m 'w')4 v, ',

Ii
(~ 'n')4 v, ',

Ii
(m m )6 v

li
(~ ~ )4 VT/

li
(~ ~ )6 v

li
(~ ~ )8 v, ',

li
(7 'm')6 v, ',

li(~ '~')» v ',
1(v- -- }",'.

Ii(~ ~ )6
li(~ ~ )T v

(m m )T v
li

(m ~ )B v
li(~ ~ )T v/
li

(~ 'm')6 v, ',
li

(m ~ )9 v
Ii

(m '~')8 v, (',
li

(m ~ )g v/
ti

(~ ~ )T v

(~ m )6 v
ti(~ m )11 v

I
(v v )1T/2

I
(V V )1T/2

1 8 —8
1S/2Ii

(m m )11 v
li

(~ ~ )g v

(Tr ~ )18 v
li(~ m )g v
li

1 8 —8(~ ~ )ii
1 8 —8

viT/2
1 8 —8

(m m )g v
1 6 —8(~ ~ )is v,

e p(%)
1 58
7 17

5 16

3 13

5 13

5 22

5 22

5 14

3 26

3 18

3 46

3 53

7 10

5 24

5 11

5 40

5 25

5 22

5 10

5 39

7 24

5 8

5 28

5 25

5 76

7 4

7 42

7 24

5 18

7 33

7 26

7 26

7 41

7 40

9 15
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TABLE IV. Measured and calculated p-ray branching ra-
tios of states in Ru and Ru

E (keV) E (a~V) Mp bexp {%) bsM (%)

6388

6098

6098

5731

5731

6083

4151

3969

3633

3192

8148

7517

6922

5997

4992

4380

4036

3894

3555

3165

3005

2927

2709

2409

291
692
474
367
367
318
773
356'
773
156

123
976
182
518
959
336
777
984
649
441
1264
207
823

1226
632
1203
595
609
925
1005
1112
956
612
825
344
871
480
142
889
729
339
845
391
628
549
965
755
455
237
750
804
595
296
673
728
518
218
509
300
516
156
210

(16+)

(15+)

(15+)

(»+)

(14+)

(37/2+)

(29/2+)

(27/2+)

(25/2+)

(25/21 )

(41/2-)

(39/2-)

{37/2 }

(»/2 )

(29/2-)

(27/2 )

25/2-

(23/22 )

(23/21 )

(»/2-)

(19/2, )

(19/2, )

(io/2, )

{17/2& )

soR
(15+)
(i4+)
(14+)
(»+)
(14+)
(i3+)
(»')
{11+)
(12+)
(»+)

Ru, m=
(35/2+)
(33/2+ )
(27/2+ )
(25/2+)
{25/2~)
(25/2W)
(25/2~)
(23/. ~)
(23/2+ )
(25/2+)
(»»~)
(23/2+ )
(21/2+)

Ru, ~=
(37/2 )
(39/2 )
(35/2 )
(37/2 )
(35/2-)
(33/2-)
(29/2 )
(31/2 )
(25/2-)
(2v/2- }
(23/21 )
(25/2, )
21/2-
23/21
23/2;

(19/2, )
(21/2 )
(23/21 )
(19/2 )
(21/2;)
(19/2 )
(19/2 )
(iv/2;)
(iv/2, )
(19/2 )
(19/2, )
(15/2-)
(17/2, )
(17/2 )
(19/2; )
(15/2 )
(17/2, )
{iv/2; )
{19/2 )
17/21 )
{iv/2; )
(13/2- )
{15/2-)
(iv/2;)

Ml/E2
E2

Ml/E2
E2

Ml/E2
E2

Ml/E2
E2
E2

Ml/E2
+
Ml/E2

E2
Mi/E2

E2
E2

Mi/E2
Mi/E2

E2
Ml/E2
Ml/E2

E2
E2/Mi

E2

E2
Ml/E2

E2
Ml/E2
Mi/E2

E2
E2

M 1/E2
E2

Mi/E2
E2

Ml/E2
E2

Ml/E2
Ml/E2

E2
M 1/E2
M 1/E2

E2
E2
E2

Ml/E2
E2
E2

Mi/E2
Mi/E2

E2
Ml/E2
Ml/E2
Mi/E2

E2
Ml/E2
Mi/E2
M 1/E2
Mi/E2
Ml/E2

E2
M 1/E2
Mi/E2

100
n.o.

100
100

100

100

3o(i5)
vo(15)
iv(5)
n.o.

s3(5)
3s(s)
62{8)
n.o.

4o(i5)
n.o.

60{15)
6o(io)
40(10)

100
n.o.
100
n.o.
100
n.o.
100
n.o.
n.o.
100

44(6)
56(6)
eo(5)
n.o.

10(5)
76(12)

n.o.
24(12)
34(8)
52(s)
n.o.

14(6}
Vs(7)
n.o.
s(5)
14(4)
n.o.

44(16)
n. o.

56(16)
n. o.

76(123
n.o.

24(12)
3s(io)
62(10)
32(ii)
28(14)
40(9)

89
11
22
78
21
79

99.7
0.3
83
17

17
83
21

0.04
79
28
50
22
41
14
45
58
42

72
28
19
81
es
2
87
13
62
38
32
68
62
30
8

85
9
5
21
78
0.2
0.02
78
0.7
14
7
9

44
37
10
10
52
38
0.1
99
1

0.5
3.5
96

Branching ratios determined from measured p-ray intensi-

ties.
Calculated branching ratios.

'Calculated transition energy.
Not observed in experiment.

'Assuming I"(5731 keV)=13+.
Assuming I (5731 keV)=14+.

particle Ml moments deduced kom g factors of pi/2 and

gsI2 states in N =50 nuclei [26) as described in Ref. [13].
From these matrix elements, branching ratios of p decays
have been determined using the experimental transition
energies. Table IV compares the calculated branching
ratios to experimental values deduced &om the p-ray in-
tensities measured at 90 and 115 to the beam. As
the intensities have not been corrected for angular dis-
tributions, the deduced branching ratios might have sys-
tematic errors as large as 20%%. However, the strongest
p-decay paths should follow the shell model predictions.

In Ru the predicted 15+ ~14+ transition matrix
element is very small, the most probable transition is
15+ ~13+. However, the most likely spin of the 5731
keV state &om systematics is I =14+. With both as-
signments of the 5731 keV state, good agreement between
calculated and experimental level energies is achieved.

The calculated energies and branching ratios of the
Ru x = + states are in good agreement with exper-

iment. In the x = —states, most of the predicted
branching ratios are also observed within the experimen-
tal uncertainties. The values disagree for the transitions
41/2 m 39/2, 39/2 -+ 37/2, 29/2 m 25/2
25/2 ~ 23/2 , 19/2s -+ 17/22, and 19/22 ~ 17/22,
where strong decay branches are predicted but not ob-
served. On the other hand, the transitions 23/2
19/2s, 19/22 ~ 19/2i, 19/2 ~ 17/2 , and 17/22
13/2, 15/2 are experimentally much stronger than pre-
dicted. Most of the discrepancies occur in the region
of high level density between 1893 and 3005 keV and
13/2 ( I & 19/2 . Experimentally, here the p-ray
Aux is spread over many decay branches with low inten-
sity which eventually may escape observation (see Fig. 3).
Theoretically, these states are characterized by a coupling
of the v(gs~2)@ 2 7 2 configuration of seniority v„=1,3 to
the vr(pi~2, gsI2)4 q inultiplet (see Table III) which, due
to the half-filled x(gsI2) shell, is governed by a nearly

degenerate vr(gsI2)v(gsI2) multiplet. This gives rise to
close-lying highly mixed yrast and yrare states of identi-
cal spin, which are subject to Buctuations in level order
and configuration caused by uncertainties of the effective
residual interaction.

V. CONCLUSIONS

In this paper, excited states in Ru have been studied
for the 6rst time and a level scheme was established up
to 6.4 MeV excitation energy and probable spin I =16+,
corresponding to 8h below the maximum spin I „=24h
in the (gsI2) model space. In Ru, the negative parity
states were observed up to an excitation energy of 8.2
MeV, the positive parity states up to 7.2 MeV and spin
41/2+, (2—3)h below I „ in the (g&I2,piI2) space. The
level scheme of Ref. [17] was confirmed and extended by
12 transitions and 4 new states.

Shell model calculations in the restricted (gsI2, piI2)
model space have been carried out and gave good agree-
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ment with experiment in the yrast z = + states of both
nuclei. The results in z = —states of ~Ru are slightly
worse. The I =13/2 —21j2 energies are predicted to
be 300—500 keV higher compared with experiment and
the predicted p decays of these states disagree with ex-
periment. However, the main properties of the Ru level

scheme are still reproduced within the (gs~z, pe~2) model
space.
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